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1. INTRODUCTION. 


The functional relationship between the pressure, volume and tem- 
perature of a fluid, commonly called the equation of state, has been 
the subject of many papers since the investigations of Boyle and 
Charles led to the formulation of the perfect gas law. It was soon 
recognized that this simple equation represents the behavior of actual 
gases to the first approximation only, as large differences between 
observed and calculated values occur except in the region of low 
pressures. Many modifications have been suggested in order to 
represent more accurately the relation between the measured pres- 
sures, volumes and temperatures of a gas or liquid, and of these the 
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best known are the equations of state proposed by van der Waals,! 
Lorentz,” Clausius,’ and Dieterici.4 














y - oe (van der Waals) 
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which represent second order approximations. 

As more accurate experimental data became available, still further 
or third order modifications were intrcduced. To this class belongs 
the equation of state of Keyes® which, for a non-associating gas, has 
the form 


RT A 


) = - Key 
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This equation has been extensively compared with experimental 
data and applied to the calculation of various thermodynamic proper- 
ties of fluids.6 It reproduces the measured pressures very satis- 
factorily for specific volumes greater than about 15 cubic centimeters 
per gram. 

Much of the pressure-volume-temperature data on gases has 
resulted from the investigations of Kamerlingh Onnes and his associ- 
ates at the University of Leiden, and from those of Holborn, Schultze 
and Otto at the Physikalisch-Technischen Reichsanstalt in Berlin. 
Neither of these groups of workers use any of the theoretical equations 
of state now existent but express their results in the form of empirical 
expansions, 


= D_E ; 
pl = A TET hat fat pet hei (Leiden) 
pV =at+ bp+cp?+ dp*t+... (Berlin) 


There is one such expression for each isotherm so that the parameters 
A, B, C, ... and a, b, c, ... are functions of the temperature. A 
and a can be associated with RT but each of the other parameters 
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require a four or five term equation in order to represent the data 
over the experimentally studied temperature range 

Thus it appears that the simple equations of state with a more or 
less theoretical background do not reproduce the experimental 
measurements over a wide range of pressure and temperature with 
sufficient accuracy for all requirements, whereas the empirical equa- 
tions require a large number of terms in order to represent a com- 
paratively large field, and consequently are not convenient for use 
in thermodynamic calculations. 

Practically all theoretical equations of state express p as an explicit 
function of V and 7, and may be written in the generalized form 


pe Fol) -— oe) — FG, 2) (1) 


In the equations of van der Waals, Lorentz and Keyes (for a non- 
associating gas), F (V, T) = 0; Clausius places ¢ (V) = 0; while the 
equation proposed by Dieterici, when the exponential is expanded, 
contains all three of these functions. 
In the present paper, the authors propose the equation of state’ 
RT (i — A 
ios 


a + BI- = (2) 





in which 


—— 
I 
an 
—- 
So 
jn, 
— 
4 
a 





This equation is of the general form of (1) and the functions ¥ (V), 
¢ (V) and F (V, 7) can be obtained by rearrangement of (2) into the 
form 


R A Re l 
= —[V + T —-—-——[V+ Bi— 3 
p va | B] T [72 7 | las ( ) 


In the preceding equations, the gas constant # has the same value 
on the molal basis for al! gases, and Ao, a, Bo, b, and ¢ are constants 
whose values depend upon the kind of gas under consideration. 

It is believed that this equation of state has the following desirable 
properties: easy and unique evaluation of the constants from the 














232 BEATTIE AND BRIDGEMAN. 


pressure-volume-temperature data, accurate reproduction of the 
experimental pressures and their derivatives over the entire measured 
temperature range and over a wide range of densities, simplicity of 
mathematical form, and adaptability of the volume and temperature 
functions to further expansion, if necessary. 

In the following sections a theoretical basis for this equation is 
given, a detailed method for obtaining the constants from the pres- 
sure-volume-temperature data is outlined, a study of the accuracy 
of evaluation of the constants is made, and a comparison is given 
between the observed pressures and those calculated from the equa- 
tion for the ten gases helium, neon, argon, hydrogen, nitrogen, oxygen, 
air, carbon dioxide, methane and ether, together with a comprehensive 
bibliography of the compressibility data. Finally some suggestions 
concerning the use of the equation in thermodynamic calculations 
are included. 


2. GENERAL EXPERIMENTAL CONDITIONS IMPOSED UPON AN EQua- 
TION OF STATE. 

In thermodynamics it is taken as axiomatic that for a given mass 
of any isotropic system in which mechanical work only is concerned, 
there exists a relation of the form f(p, V, 7) = 0 between the variables 
which define the state of the system. Theory demands no unique 
form for this function nor does it specify which of the variables, or 
combinations of them, is to be regarded as dependent. However, 
kinetic theory has developed mainly from a consideration of pressure 
as the dependent variable, and the majority of equations of state are 
in accord with this. On the other hand, pressure and temperature 
are the usual properties measured and varied in experimental pro- 
cedure and, from this viewpoint, are more naturally the independent 
variables. Unfortunately no adequate theory seems to be existent 
for developing volume as an explicit function of pressure and tempera- 
ture, and until such theory appears, it seems necessary to express 
theoretical equations of state in the form p =f (V, T). 

The laws of thermodynamics impose no restrictions on the form of 
the equation of state but kinetic theory and well-established experi- 
mental evidence do so. One of these restrictions is concerned with 
the form which the equation assumes in the limit as the pressure (or 
density) is decreased at any constant temperature, while another 
applies to the limiting form as the temperature is increased at any 
constant density. In this paper, the region immediately around the 
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critical point is not considered and no reference will be made to the 
relations demanded of equations at this point. Also the possibilities 
of dissociation of the simple molecular species and of chemical re- 
action between different species in a mixture are excluded. 

It appears to be well established that, as the pressure on a gas is 
reduced at constant temperature, the pressure-volume product ap- 
proaches the ideal gas value, namely 


Limit pV = RT 

p=0 
and this would seem to be true regardless of the temperature, excluding 
as mentioned above, the effect of dissociation. But it is also true that 
a considerable number of the thermodynamic derivatives do not 
reduce in the limit to the form given by the perfect gas law. For 
example, in the case of all actual gases 


OpV ae ae 
Limit ( P ) = Oif7 = Tp 
p=0 Op /1 


where 7'z is the Boyle temperature, whereas the limit of this derivative 
is zero under all conditions for a perfect gas. In this respect, a real 
gas becomes more imperfect as the temperature increases above the 
Boyle point. 

A most outstanding phenomenon in connection with all real gases 
is the close approach to linearity of the pressure-temperature lines 
of constant density, the so-called isometries. This fact has long 
been known,’ and has led some investigators? to measure pressures 
for the same set of densities on each isotherm. At high densities, 
the curvature of the isometrics is very well defined, but with decreas- 
ing density, it approaches zero as a limit. On the basis of his experi- 
mental data, Young!® considered that 


0? p < -~r>try 
= @ #Y =f, 
(54) , < 
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where V, is approximately the critical volume, and it is now definitely 
established that in the gaseous region, the curvature is negative. 

Further, the experimental data seem to show that, at any density 
the curvature of the isometrics becomes less with increasing tempera- 
ture, and hence, 


0*p 
J m4 an = 0) 
= ( aT? : 














234 BEATTIE AND BRIDGEMAN. 





or in other words, the isometrics approach linearity at high tempera- 


tures." 
In general, equations of state can be written in the form of relation 


(1) 
p= Ty(V)—@(V) — FU, 1) (1) 


which can be rearranged or expanded into the form 
a ] : ] ee 
pl =RT+CAN +E AD + Gh) + re (4) 


Equation (1) is more convenient for the study of properties at constant 
volume, whereas (4) is more adapted for use at constant temperature. 
The various conditions imposed on equations of state can now be 
summarized by reference to (1) and (4). For all actual gases, the 
following relations can be written. 


I. At constant temperature—from Equation (4) 


(a) Limit pl’ = RT 
1/V+0 





ae: g 
(b) f; (7) ¥ 0, otherwise limit ( P ) = 0 for all tempera- 
1/V+0 \ Op Jr 


tures. 


II. At constant volume—from Equation (1) 


Sar iain sete tL 
(c) Limit F(V, 7) =0, 2. e. limit ( ot) = 0 for all volumes. 
T= T=x oT? V 


a al ; of 
(d) Limit F(V, 7) = 0,7. e. limit (=) = () for all tem- 
1/V=0 1/v+0 \ OT? V 


peratures. 


(e) F(V,T) > 0,2. @. (=) < 0 
OT? Jy 
Relations (a) and (b) illustrate the isothermal conditions that, 
for the calculation of pV, the equation of state for real gases must 
approach that for an ideal gas as the density is decreased, but not 
for the calculation of certain derivatives. Equation (e) indicates 
that the curvature of the isometrics of a gas is always negative, 
whereas (c) and (d) show that the isometrics approach linearity at 
high temperatures, and also with decreasing density. Hence (c) and 
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(e) are equivalent to the statement that with decreasing temperature, 
increasingly larger amounts must be added to the actual pressures 
to make the resulting isometrics linear. 

Equation (1) can be put into the form 


p=ptF(V,T)=TyV)— (VV) (5) 


where p’ can be designated as the ‘corrected pressure’ since it varies 
linearily with the temperature at constant density. The right hand 
side of (5) is evidently the equation of the line to which the original 
isometric is asymptotic. 

Equation (1) purports to be a generalized equation of state and 
is based on the considerations outlined in this section. In the 
following section the kinetic theory is used as the basis for suggestions 
regarding the specific form of the volume and temperature functions. 


3. THEORETICAL BASIS FOR THE PROPOSED EQUATION OF STATE. 


The kinetic theory is founded on the hypothesis that a gas consists 
of continually moving molecules or- atoms, whose velocities are dis- 
tributed according to certain laws; from which it is shown that the 
pressure and density of the gas are uniform throughout the interior. 
From the thermodynamic and experimental viewpoints, however, it 
is the pressure at the boundary which is of interest, and in general 
this will differ from that in the interior. In the case of actual gases, 
for given conditions of temperature and density, the pressure in the 
interior will depend, among other things, upon the forces which act 
between the molecules and upon their dimensions, and at the boundary 
this pressure will be modified by the field of force set up by the action 
of these intermolecular forces. It is customary to consider the effects 
of the forces in the interior and at the boundary as independent, 
so that the net pressure is that existent in the body of the gas dimin- 
ished by an amount determined by the field at the boundary, although 
rigorously these two effects are perhaps not independent. Following 
the usual custom, the measured pressure of a gas can be written as 
the difference of two terms, one of which arises from the kinetic 
energy possessed by the gas, and the other from its potential energy, 


P = Pkin. ~— Pecoh. 


where p,;, is the kinetic pressure and p,,, is the so-called cohesive 
pressure. These two terms will be considered separately. 
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(a) Kinetic Pressure. 


A number of methods are available for the calculation of this 
pressure, among which may be mentioned the method of general 
dynamics,” the method of collisions,” the method of the mean free 
path, and that employing the Clausius virial.“ In the case of an 
ideal gas, namely one in which the molecules are infinitesimally small, 
perfectly elastic, and in which there are no intermolecular forces, 
these methods lead readily to the result that p = pRT where p is 
the density of the gas. A simple method, due to Phillips,” of obtain- 
ing this relation is to consider an imaginary plane ia the interior of 
a vessel containing a perfect gas and to evaluate the time rate of 
transfer of momentum, /;, across unit area of this plane. It is easily 
shown J; = pRT. In the case of an actual gas, the transfer of 
momentum is not the same, and the theoretical deductions of Claus- 
ius,'® Lorentz,'’ van der Waals,'!® Boltzmann,!® Jeans,”? van Laar,”! 
etc. have all shown that it is greater than for a perfect gas. On 
general considerations, Phillips has pointed out that the transfer of 
momentum is greater for any gas in which intermolecular forces 
exist regardless of whether these forces consist of repulsion or attrac- 
tion, regardless of the law of such forces, and further independent of 
the size of the molecules, which may be infinitesimal. 

The method which Phillips” proposed for the evaluation of the 
volume function » (V) of Equation (1) can be applied with slight 
modifications to the present case. Consider a thin section of the 
fluid between parallel planes which are in the interior of the fluid 
and which are a distance dx apart, where dz is the z-component of 
the distance travelled in the time dt by a molecule of class A (7. e. 
those possessing velocities between wu and u-+ du). The kinetic 
pressure is equal to the total rate of transfer of momentum across 
unit area of one of these planes (called the reference plane) due to 
the passage of molecules of all classes, the arithmetic sum of the 
momenta of the molecules being taken regardless of the direction 
of passage through the plane. 

Consider now the molecules of class A contained in a cylinder of 
unit area and length dz, the two ends of which lie in the parallel 
planes; their total momenta are v,mu*dt where y; is the number of 
molecules of this class in unit volume. If, in the time dt, v; molecules 
of class A pass through the ead of the cylinder lying in the reference 
plane, the contribution to the pressure would be y, 27 and when sum- 
mated for all typed of molecules the result for the kinetic pressure 
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would be pRT.% In the case that the molecules of the gas attract 
or repel each other (due to the existence of intermolecular forces) 
the passage of momentum is greater than this value. For, during 
the time, dt, which must be long enough for a large number of mole- 
cules to cross the reference plane so as to give an average value, a 
certain fraction of the molecules which have already passed through 
the plane will be reflected and pass through again, due to their inter- 
action with other molecules. This reflection will occur across all 
boundaries of the cvlinder equally in both directions aad so will not 
affect the distribution in the cylinder. But the momentum of the 
reflected molecules must be included ia any method for the calculation 
of the pressure. Hence, due to the reflection of the molecules through 
the reference plane (which may be any plane in the interior of the 
fluid) the value pRT must be increased, in the ratio of the number 
of molecules which actually pass through the boundary to the number 
in the cylinder. If r is the average value of the “reflection” for all 
classes of molecules, there is obtained for the true rate of transfer of 
momentum (J,) the relation 


I, = pRT (1 +7) (6) 


If the density of the gas is small so that the molecules act independ- 
ently as reflectors, the fraction reflected is proportional to the density, 
and hence r = pB so that Equation (6) becomes 


= 
I, = Pkin. mat + B) (7) 


This expression was first deduced by Lorentz™ from the Clausius 
virial. If the density is such that this simple assumption of independ- 
ent reflection is not valid, and the reflecting power per molecule is 
interfered with by those around it, B will not be constant but will 
be dependent upon the density, and the simplest form for this second 
order correction is a linear function of the density. Under these 
conditions 

B= Bo (1 — bp) (8) 
and (7) becomes 


RTT. b | 
rnin. = Fa | F + B(1-7) | (9) 


In the treatment thus far, the assumption has been made that the 
time of encounter between the molecules is independent of the kinetic 
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energy, or in other words, of the temperature. That this is not strictly 
valid can be seen from general considerations. When two slowly 
moving molecules encounter one another, there is a tendeacy for 
them to move under the influence of each other for an appreciable 
length of time due to the intermolecular forces between them. This 
has the effect of decreasing the number of independent aggregates 
in the system, and hence simulates association or aggregation. At 
low temperatures the number of such slowly moving molecules is 
greater than at higher temperatures and a correction must be made 
for this. Clausius*® attempted to account for this effect by making 
the cohesive pressure term vary as the reciprocal temperature. 
Boltzmann,”® Gibbs,?’ and Keyes and Tavlor®® have all treated 
aggregation by a modification of the kinetic pressure term, as have 
also Boynton and Bramley.”® The variation of the average time of 
encounter with the temperature has the same effect as a change in 
the average molecular weight of the gas and hence the gas constant 
R may be considered to depend upon the temperature and density, 
since the latter also affects the number of encounters and hence the 
number of molecules which can be considered as independent. In 
a former publication, the authors,®° using a method somewhat analo- 
gous to that emploved by Keyes and Taylor, modified R in the following 


manner: 
R’ = n(1 — ae *) 


where m and n are constants, R the usual perfect gas constant and RK’ 
is its analogue in the equation of state of an aggregating gas. This 
relation was shown to reproduce the experimental data in a satis- 
factory manner, but was not convenient due to the use of an exponen- 
tial function of the temperature. A complete treatment of the relation 
of the degree of aggregation to the temperature has not been given. 
but in general it can be assumed that to the first approximation the 
variation in the number of independent aggregates due to the effect 
on the average time of encounter is directly proportional to the 
density and inversely proportional to some power of the absolute 
temperature, so that R’ becomes 


Cc ' 
‘=R)1-f(V,T) |=R| 1-=] 10 
R Rl 1 6.7) | | om | (10) 


From a study of the experimental data, it has been found that n = 3 
gives a very satisfactory reproduction of the measurements, and 
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the introduction of this modification into Equation (9) leads to the 
complete expression for the kinetic pressure, 


_ RT (1 —¢/VT®) 


Pin. = 2 [V + Bo (1 — 8/V)) (11) 





(b) Cohesive Pressure. 


It has been pointed out by Phillips* that whatever may be the 
law of force between the molecules, the potential energy will be 
directly proportional to the density for a given mass of gas, provided 
only that the law of force is independent of the density and that the 
force decreases with distance with sufficient rapidity for integrals 
having infinite limits to converge. Under these conditions the 
potential energy may be written 

, A 

E = Ap = is 
and differentiation with respect to the volume gives the cohesive 
pressure ) 


Peoh. = — a5 = pr (12) 


which is the usual expression obtained by van der Waals and Lorentz. 

In general, the forces between electrical systems are dependent 
upon the dielectric constant of the medium. Therefore Phillips 
considers that, if the molecules can be considered as substantially 
rigid electrical systems, the molecular forces which give rise to the 
cohesive pressure are affected by the dielectric constant & of the 
gas, and since this varies with density it must be introduced into (12). 
The cohesive pressure is therefore given by the relation 


A 
Peoh. = rc (13) 


The dielectric constant of a gas is related to the density by the Lorentz 
equation 
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Substitution of this value of & into (13) and neglecting all powers of 
density higher than the first in the expansion gives 


A 3C 
Pcoh. -2(1 _ yt *% ) 


Ao a 
=—-—j]— — 
V2 ( +) (14) 


The preceding method used for evaluating the variation of the 
quantity A (of Equation 12) with the density could have been applied 
to B, and would have given the same form of relation as assumed in 


(8). 
Combination of (11) and (14) gives the complete equation of state, 


= 3 
p = AIO IV + Bol — W/V) — 281 — af) (15) 
which is Equation (2) written in extended form. 

In the deduction of (15), general physical considerations have 
been presented rather than detailed computation founded on the 
assumption of certain laws for the distribution of velocities and for 
the forces acting between the molecules. The first reason for this 
choice is that the utility of an equation of state depends largely upon 
its ability to reproduce the measured pressure-volume-temperature 
data and to give accurate values for the thermodynamic derivatives, 
and hence in the evaluation of the specific form of functions used 
much consideration was given to the representation of the experi- 
mental measurements. In the second place, (15) differs from the 
Lorentz equation of state, which has been deduced in a rigorous 
manner from the general laws of kinetic theory, only in that the three 
second order constants a, ) and c have been introduced. 

The proposed equation rests upon the two main assumptions that 
the kinetic and cohesive pressures can be treated separately and that 
the law of force (the specific form of which does not enter into the 
treatment) shall be such that it will diminish rapidly with distance. 
Both of these assumptions are common to the treatment of a large 
number of kinetic theory problems. 











4. THe PROPOSED EQUATION OF STATE FROM THE STAND- 
POINT OF THE EXPERIMENTAL RESTRICTIONS. 


It remains to be seen whether or not the equation of state (15) 
conforms to the experimental conditions which were outlined in 
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Section 2. When Equation (15) is written out in full and the terms 
rearranged, there results for the virial form 


om B e J 6 
¥ =RI+Gt ph V3 (16) 
where 
B = RTB, _— Ao ome Re/T? 
y = — RTBob + Aca — RBoe/T? 
6 = RBobc/ T? 


For a given mass of a gas, 8, y and 6 are functions of the temperature 
only and hence are constants at a given temperature. 

I. Conditions at Constant Temperature. From a consideration 
of Equations (16) and (4) it can be seen that at constant temperature 


Limit pV = RT 
1/V=0 


and that 6 = fi (7), y = fe (T) and 6 = f3 (7). Thus conditions 
(a) and (b) are fulfilled. Also by differentiation of (16) there results 


OpV - aVv 
( Op )- b »( 5 ), 
os B+ 2y0 + 36p° 
~— RT + 2Bp + 3yp? + 46p' 


where p = 1/V. Hence 


Limit (“2 ) “= 
v=o \ Op /r RI 


— By - 











Ao _ Cc 
as.lUFP 
so that there is only one temperature at which this derivative is zero— 
the Boyle temperature—since this cubic in 1/7’ has only one real root. 


For a study of the equation of state at constant volume, (15) may 
be written in the form 


p = TY(V) — (V) — al) (17) 
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where 


Y(V) = IV +p) = [Vv + BI —9/V)] 


V2 


PP) = SV) = SIV + Bo ( — 0/0) 


II. Conditions at Constant Volume. By a comparison of (17) 
ae hand 
with (1), it is seen that 7 | (V) = F(V, T). Hence as the tempera- 
ture increases at constant volume, or as the volume decréases at 
constant temperature, this term approaches zero as a limit, thus 
fulfilling conditions (c) and (d), whereas if ¢ > 0 this is also true of (e). 


5. DETERMINATION OF THE VALUES OF THE CONSTANTS FROM THE 
EXPERIMENTAL DATA. 


It is of major importance that the form of an equation of state be 
such that the values of the constants may be determined easily and 
uniquely from the experimental pressure-volume-temperature meas- 
urements. With the exception of c, each of the constants of the 
equation presented in this paper appears as the slope or intercept of 
a straight line when the data are treated in a suitable manner. In 
order to illustrate the method of determining the values of the con- 
stants, a detailed description for the gas oxygen is given. 

The compressibility of oxygen has been studied by Holborn and 
Otto* over the temperature range from 0° to 100° C. and to 100 
atmospheres, by Kamerlingh Onnes*® and his associates from 0° to 
—117° C. and to 60 atmospheres, and by Amagat* from 0° to 200° C. 
and from 100 to 3000 atmospheres. Amagat’s pressure measure- 
ments do not extend into the region covered by either the Berlin or 
Leiden investigations, and hence his data are not considered in the 
present paper, but will be treated in a later publication. 

The values of the constants of the proposed equation of state can 
be most conveniently determined from those data which list the 
pressure for the same set of densities at each temperature. Many 
investigators present the results of their measurements in the form 
of isothermals, and they can be converted to isometrics by a modifica- 
tion of a method introduced by Andrews.® 
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On a given isotherm, the quantity (pV — RT) is calculated for 
each measured density, and a linear equation passed through the 
points of zero density [where (pV — RT) is also zero] and the highest 
measured density. ‘The deviations of the measured values of (pV — 
RT) from those calculated by the linear equation are plotted against 
the corresponding densities on a large scale. By use of the linear 
equation and the deviation plot, it is possible to obtain a series of 
values of pV, and hence of pressure, for a set of evenly spaced densities, 
the same densities being used at each temperature. In Table III 
are listed the smoothed data on oxygen which were obtained by this 
method. ‘The pressures given in this table will be called the “‘ob- 
served pressures. ” 

Throughout the present paper the units used are atmospheres for. 
pressure, degrees Kelvin for temperature, and liters per mole for, 
volume (or moles per liter for density). The position of the ice-pomt, 
on the Kelvin scale is taken as 273.13°. 


(a) The F (V, 7) Funetion. 
From Equation (5), it can be seen that if the form of function chosen 
for F (V, T), namely 
ey(V) 
VT? 





F(V, T) = 


is accurate from the standpoint of both temperature and volume 
variations, there will be one value of c, which will cause the “corrected 


pressure” 
cy(V) — sa 
oa = THV) — $V) 





p =pt 


to vary linearily with the temperature for every isometric. In order 
to evaluate p’ it is necessary to know ¥(V) which is the slope 


(2 . and since p’ is not known until the additive term F(V, T ) 
has been evaluated, several approximations are required. 

A provisional value for c is first obtained from a consideration of 
a single isometric, which should be of sufficiently high density to 
depart markedly from linearity, and which should also cover as long 
a temperature range as possible. For oxygen the isometric 3.5 
moles per liter was used. A value is assumed for c and the term 
F (V, T) evaluated at the temperatures 7, and 7; from the relation 
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win. 2 ie 
Fil , T) _ ml T- asin | = rr( 32), 


where pe and » are the observed pressures at the highest and lowest 
temperatures 7; and 7, on the isometric. The results are added 
to pe and p;, giving p’. and p’; to the first approximation. The 


/ 








calculation is repeated using the slope + resulting from the two 
| y 


values of p’ just obtained, and this process continued, using the 
extreme temperatures only, until no further change appears in 





A , 
( or) . With this slope, a set of provisional values of p’ at each 
| y 


temperature on the isometric is computed. The slope of the best 
tine through these data is then used in the computation of the final 
values of the corrected pressure, which are call@d p’,,, in Tables 
ft and II. Since the whole term F (V, 7) is usually small, several 
approximations are in general sufficient, and the actual amount of 
work is not large. The complete details of this calculation for oxygen 
are given in Table I. It should be noted that the number of approxi- 
mations used in Table I is greater that necessary. Since F (V, 7) 
increases with decreasing temperature, the slope of the (p’, 7) curve 
is always less than that of the (p, 7) curve, and hence the number of 
operations can be materially reduced by using, in the first approxi- 
mation, a slope which is smaller than that given by = y 

When the provisional value of c, which straightened the test 
isometric, is found, the values of p’ for all of the isometrics are com- 
puted and tested for linearity. If it is considered that all of the 
isometrics are satisfactorily linear the provisional value of c is accepted 
as the final value; if not a small adjustment is made in the value of c 
and the calculation repeated. 

In Table II, the effect of a variation in the value of ¢ is shown. 
When ¢ is increased, the numerical magnitude of the curvature of 
p’ with T is decreased, aand if c becomes too large the curvature may 
even pass through zero and become positive. 

Tables III and IV show the effect of the term F (V, 7) in the equa- 
tion of state. In Table III the observed pressures of oxygen are 
compared with those calculated from a straight line through the 
extreme temperatures for each isometric. It will be noticed that 
the curvature is always negative and that its numerical magnitude 
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increases with the density of the isometric. In Table IV are given 
the values of the corrected pressures p’, which were computed from 
the observed pressures of Table III by the method given above, 
using the value 4.8 x 10* for c. They are compared with the values 
calculated from the equation of the best straight line* through each 
isometric. 

When combining the data of Holborn and Otto with those of 
Kamerlingh Onnes and his associates, it was found that in the case 
of all gases studied, the measurements of the former gave isometrics 
having greater curvature than those of the latter, and thus the value 
of c represents in each case a compromise between the two sets of 
measurements. 
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(b) The ¥(V) and @(V) Functions. 
It can be seen by Equation (5) 
p’ = Ty (V) — 6) 


that for each isometric, the quantities Y (V) and ¢ (V) are the slope 
and the intercept on the p’ axis of the (p’, 7) line. The linear equa- 
tions expressing the relations between the corrected pressures and the 
temperatures for the isometrics of oxygen are given in Table IV, and 
the slopes and intercepts of these lines are the “observed values” of 
Y (V) and ¢ (V) given in Tables V and VI. 

Since 


R b 
v(V) =a + B], where B = Ba(1 — >) 


then 
V2 (V) : 
B= — V 
R 
and from R, V and the observed value of ¥ (V), a value of B can be 


calculated for each isometric. The quantities By and Bob are the 
intercept on the B axis and the slope respectively of a straight line 





through a graph of the calculated values of B against =. 


Also 
o(V) = am where A = Ao(1 = *) 


and hence 


A = V29¢(V) 


and from V and the observed value of ¢ (V) obtained from Table IV, 
a value of A can be calculated for each isometric. On a plot of A 


a aa ; 
against — , the quantities Ap and Aoa appear as the intercept on the 


7a 
A axis and the slope of a straight line through the points. 

The graphs of the B and. A functions for oxygen are given in 
Figures I and II, and the details of the calculations, in Tables V and VI. 
Since the graphs are indirect as regards y (V) and ¢ (V), it is necessary 
to calculate these functions with the chosen values of the constants 
and compare with the observed values, adjusting the constants if 
necessary to give the best representation over the entire density 
region considered. The form of these functions is such that the most 
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weight should be placed on the points in the region of high density 
when drawing the straight lines on the B and A plots. However, as 
the density of an isometric increases, the temperature range usually 
becomes less, and the accuracy of obtaining the functions » (V) and 
@(V) from the experimental data decreases. The experimental 
data on oxygen extends to a density of 9 moles per liter, but above 
5 moles per liter the temperature range is only about 15° C. Hence 
for the determination of the values of the constants only the region 
below a density of 5 was used, the comparison of the observed and 
calculated pressures being given however over the entire density 
range. 

The constants of the equation of state of oxygen are given in 
Table IX, and the comparison of the calculated with the observed 
pressures in Tables XV and XX. The average deviation over the 
whole field is 0.05 atmospheres or 0.12%, the maximum density 
considered being 9 moles per liter. 


TABLE V. 
THE 4(V) FuNcTION 
uV)= 5 IV+B) B=B (1-5) 


V>y( V jobs. — 
R 





v(V obs. = -- (from Table IV); Boys. = 
V 











oT 
B ¥(V) 
Density Observed Calculated Observed Calculated Obs.-Cale. 
moles/liter x 106 
0.5 0.0463 0.046143 0.04198 0.04198 0 
1.0 .0457 .046045 .08581 .08584 3 
1.5 .04593 .045948 .13157 . 13157 0 
2.0 .04591 .045851 .17919 .17917 2 
2.5 .04578 .045754 . 22863 . 22862 l 
3.0 .04562 .045656 . 27987 . 27990 -3 
3.5 .04568 .045559 . 33313 . 33301 12 
4.0 . 04539 .045462 . 38784 . 38793 —9 
4.5 .04547 .045364 .44482 .44465 17 
5.0 .04512 .045267 . 50286 . 50317 —3l 











0.004208 
a = 0.04624 ( l =“ V ) 
: 0.08206 ._. 
v(V Jeale, _ [} + Beate. | 


V2 
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TABLE VI 
THE o(V) FuNnctTion 


O(V) = 5; A=4,(1- 5) 













o(V)obs. = — p’ at O°K (from Table IV); Ags. = V2b(V)obs. 
A o(V) 
Density Observed Calculated Observed Calculated Obs.-Cale 
moles/liter 
0.5 1.44 1.4720 0.36 0.37 —0.01 
1.0 1.44 1.4529 1.44 1.45 —0.01 
1.5 1.431 1.4338 3.22 3.23 —0.01 
2.0 1.415 1.4147 5. 66 5. 66 +0.00 
2.5 1.397 1.3956 8.73 8.72 +0.01 
3.0 1.379 1.3765 12.41 12.39 +0.02 
3.5 1.361 1.3574 16.67 16.63 +0.04 
4.0 1.339 1.3383 21.42 21.41 +0.01 
4.5 1.321 1.3192 26.76 . 26.71 +0.05 
5.0 1.299 1.3001 32.48 32.50 —0.02 
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6. THe EFrrect oF SMALL VARIATIONS IN THE VALUES OF THE 
CONSTANTS. 


It is perhaps of interest to discuss the allowable variation in the 
values of the constants of the equation of state in order that the 
pressure may be calculated to any desired accuracy. Consider the 
equation in the form 


pm TE) — Al) FF) 


RT 
V2 


Now since 


Ty(V) = 





[V + B], B = Ba(1 -+) 


7a 
A[Ty(V)] 
ry(V) 
variations 6Bo, 6b, and 6R are given by the following equations: 
a RT b RTB 
A|TY(V)] = —{ 1—— ) 6B) = —— 6B 
(@) alTy(v)] = $F (1-7) 0B = SEF op. 
A(Ty(V)] B 6B, 


TV) V+BB 





the error A[7'¥(V)] and fractional error produced by the 
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wy airyry = 22 ma 
AITo(V)]_ By ad 
TY(V) vi + B) b 
| ., TeV 
) atravy = 22? sr 
R 
A[TH(V)] bh : 





ryt) h 


a A a 
(| —_ — a A = 4 l1— — 
p(t} ) 2 o( ) 


the error and fractional error in ¢(J7) produced by the variations 
b.19 and 6a are 


and since 











| : 1”) 
(d) Adil ) _ o ~ 61 
«lo 
So(V') _ b-k 
d(T") Ao 
, Ao. 
(ce) Ag(V) = - pa 
Ag(T") Aga but 
d(T) Maa 
Also 
F(V, 7) = -_ | 
y T? 


and the effect of a variation 6c is given by the equations 
i cick ee Ay OD 
(f) AF(V,T) = 6c 


(’ 





AF(V,T) 6c 


_— : q 


FV,T) 





In Table VII are given the allowable variations and fractional 
variations in the several constants which will each cause an error of 
0.1°, in the calculation of the pressure of oxvgen at the densities 1 
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mole per liter and 6 moles per liter and at 100° C; and in Table VIII 
the same information is given for —100° C. As the density increases 
or as the temperature decreases, the allowable variations in the values 
of the constants become smaller. Thus as mentioned in the preceding 
section when determining the constants from the experimental data, 
most attention is given to the high density data when drawing the 
straight lines on the B and A plots; and the value of ¢ depends largely 
on the low temperature high density measurements where the function 
F (V, T) is large. 


7. DISCUSSION OF THE EXPERIMENTAL Data. 


The references to all of the data considered in this paper are listed 
in the Bibliography, which gives the temperatures in degrees centi- 
grade (unless otherwise noted) of the isotherms studied by each 
investigator as well as the pressure range in atmospheres over which 
the measurements extended. 

General Considerations. For all gases for which comparison is 
possible—helium, neon, argon, hydrogen, nitrogen, oxygen, and air— 
the data of Holborn and Otto, when converted into constant volume 
form, gave isometrics with greater curvature than those of Kamer- 
lingh Onnes and his collaborators; in fact, at higher temperatures, 
above 100° C., the curvatures of the isometrics of Holborn and Otto 
for some gases increased with temperature. Hence in obtaining a 
value for the equation of state constant c, which depends directly 
upon the curvature of the isometrics, the mean between the curvatures 
of the two sets of data was used. 

Holborn and Otto, and Holborn and Schultze in general made 
measurements at about 25, 50, 75, and 100 atmospheres on each 
isotherm. The temperatures varied several hundredths of a degree, 
and were reduced by the experimentators to even values. Besides 
presenting the original data, they also gave an equation for each 
isotherm expressing pV in the form of a power series in p as well as 
smoothed tables listing, for each temperature, the pV product for 
even intervals of pressure. Pressures were expressed in terms of 
meters of mercury and the unit of pV was the value at 0° C. and one 
meter of mercury. 

Kamerlingh Onnes and his collaborators measured at unevenly 
spaced temperature intervals, and sometimes several isotherms for 
the same gas differed by only a few hundredths or tenths of a degree. 
Tn other cases low pressure data were given for one temperature, and 
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higher pressure measurements at a closely nearby temperature. 
For some isotherms, equations were given expressing pV as a function 
of the density. The unit of pressure was the atmosphere, and pV 
was expressed in terms of the value at 0° C. and one atmosphere. 

Penning (Leiden Comm. 166) has pointed out that the earlier data 
obtained at Leiden with the “divided piezometer” contains an un- 
known volume error due to the soldered connection between the 
glass and the steel capillaries, which connect the two parts of the 
piezometer. This error may be small and probably does not effect 
the results until the density of the gas becomes large. 

Two isotherms which differed by only a few hundredths of a degree 
were reduced to the temperature of one of them or to an intermediate 
temperature. When smoothing the data to even densities as de- 
scribed in Section 5, the appropriate values of 7 were used in evalu- 
ating for each isotherm the quantities (pV — RT), which were then 
treated as though they were derived from the same isotherm. The 
appropriate value of 7 was also used in the calculation of pV at 
the even densities from the smoothed differences (pV — RT). The 
temperature scales of the various experimenters differed somewhat, 
and the values of 7' used for the calculations presented in this paper 
were obtained in all cases by adding 273.13 to the centigrade tem- 
peratures hsted by the observers. 

The data of Amagat were not used except for gaseous carbon 
dioxide. For no other gas considered in the present paper did he 
give accurate measurements below 100 atmospheres, and _ since 
practically all of the data of Leiden and the Reichsanstalt were below 
this pressure, there was not sufficient overlapping for a good correla- 
tion. 

For the seven gases mentioned above, the equations of state rest 
on a combination of the data of Holborn and Otto and Kamerlingh 
Onnes and his co-workers, about equal weight having been given 
to both sets of measurements. In some cases—hydrogen, nitrogen, 
and air—the equations so obtained were used to calculate values for 
comparison with the data of other observers. 

In general, when an equation was passed through the data of either 
of the above two sets of measurements alone, the deviations for this 
group between observed and calculated pressures were about one-half 
of the deviations obtained by using an equation based on both groups. 
This would seem to indicate that the consistency of a set of data taken 
by one observer is usually greater than the absolute accuracy of the 
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data. It is believed that by combining all the latest data, the best 
average values for the constants were obtained. 

Helium, Neon, and Argon. Only the measurements made at 
Leiden and the Reichsanstalt were used. In averaging the deviations 
for helium, the isotherms below — 252° C. were omitted, as the pres- 
sures were so low that a disproportionately large percentage deviation 
resulted. The deviations in atmospheres were about the same 
magnitude as those for the rest of the field. 

Hydrogen. The equation is based on the Leiden and Reichsanstalt 
measurements. The temperatures of the Onnes and Braak isotherms 
were reduced to the Kelvin scale by Penning (Leiden Comm. 165(b) ). 
The low temperature data of Crommelin and Swallow could not be 
correlated with the rest of the field as their isometrics had positive 
curvature. 

The lowest pressure measured by Bartlett (at 0° C.) and by Ver- 
schoyle (at 0° and 20°) was about 50 atmospheres. The data of 
these observers on hydrogen were not used in the present paper but 
will be considered in a later publication covering the high pressure 
range. ' 

There is quite an extensive set of measurements by Witkowski, and 
the equation derived from the Leiden and Reichsanstalt data was 
used to calculate values for comparison with his measurements. 
The agreement was good and his deviations are averaged with the 
others, although most of his points show positive deviations from the 
equation. 

Nitrogen. The equation based on the Leiden and Reichsanstalt 
measurements agreed quite well with the 0° C. isotherm of Bartlett, 
and the 0° and 20° isotherms of Verschoyle. This is the accepted 
equation for nitrogen. 

The data of Smith and Taylor could not be correlated with the 
measurements of the other investigators. A special equation was 
passed through the Smith and Taylor data, and it showed that their 
measurements are very consistent, except for the region below a 
density of 5 moles per liter, which depends on a single isometric. 

Oxygen. The data of Holborn and Otto and of Kuijpers are in 
good agreement. The measurements of Nijhoff and Keesom covered 
such a short pressure range that they were not considered. 

Air. The measurements of Holborn and Schultze, Witkowski, 
Koch and Penning were all used in the determination of the constants. 
The —130° to —145° isotherms of Witkowski were omitted due to 
the impossibility of correlating them with the rest of the field. 
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Carbon Dioxide. Only the 0 to 100 atmosphere data of Amagat 
were used for determining the values of the constants. 

The measurements of Andrews, which were expressed relative to 
air, were transformed to absolute values using the Reichsanstalt data 
on air. The temperatures of Andrews’ isotherms varied several 
tenths of a degree from point to point and each reading was corrected 
to a mean value of the temperature. The 21.5° isotherm had only 
one point in the gas region, and the 100°, 63.75°, and 48.1° isotherms 
show extreme variations from Amagat’s data and hence are omitted 
from the average. The equation based on Amagat’s values was used 
in calculating Andrews’ data. 

Methane. ‘The measurements of Keyes and Burks supersede those 

of Keyes, Smith and Joubert and the equation is derived for the former 
data alone. Amagat’s older measurements were not considered. 
_ Ether. The data of Beattie alone were used. The original 
measured pressures, and not the smoothed values, are given. The 
densitites were converted from grams per c.c. to moles per liter, 
otherwise no change was introduced. 


8. DISCUSSION OF THE COMPARISON OF THE EQUATION WITH THE 
MEASUREMENTS. 


In Table IX are given the values of the consfants for the ten gases’ 
obtained by the method outlined in Section 5. The data used for the 
determination of the constants are critically examined in Section 7. 

The comparisons of the observed pressures (smoothed to even values 
of the density but not smoothed for temperature) with those calculated 
from the equation of state are given in Tables X to XIX and a sum- 
mary of the average deviations and average percentage deviations is 
given in Table XX. 

In the tables for each gas, the observed pressures and the observed 
minus the calculated pressures are listed. The average deviation in 
atmospheres and percent are given for each isometric and for the 
whole field considered. With very few exceptions, all of which are 
mentioned as footnotes to the tables or in Section 7, all of the recent 
data, which cover any considerable temperature and density range, 
were considered and included in the averages. 

The entire experimental temperature range was included in the 
comparison for all gases except Amagat’s data above 100° C. on 
carbon dioxide. For several of the gases tl.e entire measured density 
range was not used. In some instances the data in the region of 
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higher density were fragmentary, in other cases the temperature 
range was small. In the Bibliography are given the complete range 
of pressures measured on each isotherm and comparison with the 
tables will show what densities are omitted in the latter. 

Comparisons of observed and calculated pressures for the ten gases 
were made at 1777 points and the general average deviation was 
0.08 atmospheres or 0.18%. It is considered that the equation 
reproduces the measured pressures very satisfactorily. 

The A function for hydrogen is practically independent of the 
density, i.e. the value of the constant a is almost zero. However the 
representation of the experimental data was somewhat better when 
a negative value was used for this constant. It is believed that 
this is due to a slight trend in the experimental measurements, and 
that the value of a for hydrogen should be positive, as it is for all 
other gases. 3 

It can be seen that the value of b for the monotomic gases is zero. 
It is of interest to note that the constant a in the Keyes’ equation of 
state was also found*® to be zero for these gases. Although the forms 
of these two equations of state are quite different, the constant a of 
Keyes’ equation may be considered to correspond approximately to b. 


9. UsEor THE EQUATION OFSTATE IN THERMODYNAMIC CALCULATIONS. 


For the theoretical discussion the most suitable form of the equa- 
tion of state is 


TyV) — eV) — FIV, T) (A) 
IV + B); B= Bo (1 at >) 
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For use in certain thermodynamic calculations however, the forms 
(B) and (C) given below, have also been found convenient. 


| pp 
p = THV) — 6V) - > (B) 
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where 

l= cy(V) 

P 0 

p=RT+E4 X40 (C) 

where 
R 
6B = RTBy — Ay — a 
yy, u32 = RTBob + Aoa 7 Bee 
T? 
— RBobe 





T2 


For the calculation of pressures along an isometric or an isothermal, 
the forms (A) and (C) respectively are the most convenient; and in 
general for isometric or isothermal calculations these two equations 
give the desired result most directly. 

In some cases where it is desired to keep the temperature and 
pressure functions separated, the form (B) in which all the functions 
v(V), @(V) and I’ (V) depend upon volume alone is more suitable. 

In a series of papers, the authors propose to use the equation of 
state presented in the present article, for the calculation of various 
thermodynamic quantities. 


10. SUMMARY. 


There is presented a new equation of state for fluids 





RT — ¢),,- A a 
) — | B ee oe A = a — are 
p 2 | + V2 1o ( l ; |” ) 
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vr 


which has the desirable properties: (a) ease and uniqueness of deter- 
mination of the values of the constants for a substance from the 
experimental pressure-volume-temperature measurements, (b) simpli- 
city of mathematical form, (c) accuracy of representation of the pres- 
sure-volume-temperature data over wide ranges of temperature and 
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density, (d) provision for extension of the volume and temperature 
functions A, B and ¢ without alteration of the general form of the 
equation. 

A rational basis for this equation of state is presented, using a 
method introduced by Phillips, which considers that both of the terms 
A and B are due to the mutual interactions of the molecules composing 
a gas. The method is a very general one and does not involve the 
assumption of any definite law of force. The term ¢ is introduced 
to take into account the effect of density and temperature on the 
time of encounter of the molecules. 

A summary is given of the general experimental facts known about 
the isotherms and isometrics of a gas, and the new equation of state 


is studied from the standpoint of this information. It is shown (1) 
2 


‘ ; O*p ‘ ; 
that along an isometric the curvature YE is always negative, but 
V 


approaches zero as the temperature increases or as the density of 
the isometric decreases, (2) that along an isotherm the pressure 
OpV 
Op 
low pressures is zero at only one temperature being negative below 
and positive above this value. 

The complete detailed method used for the determination of the 
values of the constants from any set of pressure-volume-temperature 
data is given, with the necessary graphs and tables. The data on 
oxygen is used for this example, which is carried out to a numerical 
solution for the five adjustable constants Ao, a, Bo, b, and c. The 
method is unambiguous, and the values of the constants are uniquely 
obtained. 

The errors produced in the calculation of pressure by small varia- 
tions of the value of the constants are discussed, and the numerical 
values given for oxygen. 

An extensive bibliography of the compressibility data on the ten 
gases helium, neon, argon, hydrogen, nitrogen, oxygen, air, carbon 
dioxide, methane, and ethyl ether is given and critically examined. 

In Tables IX to XIX are presented the detailed comparisons of 
pressures calculated from the equation of state with the observed 
pressures and the results are summarized in Table XX. The com- 
parison is made at 1777 points for the ten gases with an average 
deviation of 0.08 atmospheres or 0.18%. It is believed that in most 
of the cases the consistency of a set of data taken by one observer is 





RT oe 
approaches > 3s the density decreases, but ( ) at infinitely 
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greater than their absolute accuracy, and that the equation of state 
reproduces the measurements to within the experimental error. 

The more convenient forms of the equation of state for thermo- 
dynamic calculations are briefly discussed. In future papers, the 
authors will apply the equation to the high pressure data on gases 
and liquids, and present the results of the calculations of various 
experimentally measured thermodynamic quantities. 


RESEARCH LABORATORY OF PHyYSICAL CHEMISTRY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
Cambridge, Massachusetts. 











‘QUO[V BVP SAO[ABT PUB YFIWG JOJ SPUBPSUOD OY} JO SONTPVA, 


LL0 FL Ol X $e Se FS6IT'O OFFECE 0 9ZFZI'O 82218 90Z80 0 OFC HD) 
S0e0 9 Ol X S8°Zl L8910'°0- L89S0'0 GSS10'0 6922" 90Z80 0 "HO 
000 FF ‘Ol X 00°99 C220 0 9LFOL 0 ZETLO'O C900 90Z80 0 FOO 
£96 SZ ‘Ol X 8 °F 10110’ 0- 119F0 0 186100 ZOE 90Z80 0 LUV 
“ZE Ol X O8 'F 80ZF00 0 Z9F0 0 Z9SZO 0 L16F 90Z80 0 76) 
91082 Ol X 09'S S09T0'0- PIEtO'O 88Z10'0 OFFI 90280 ‘0 oN 
91082 ‘Ol X 02 'F 16900 ‘O- 9F0S0 0 119200 CHEE 90Z80 0 *N 
S10 °% ‘OL X £0S0'0 6SEFO' O- 96020 0 90S00 '0— CL6I 90Z80 0 “H 
16°68 01 X 66'S 0°0 1£6€0'0O 8ZEZO 0 L062" 90Z80 0 V 
Z OZ Ol X TOTO 0°O 09020 0 96120 0 CZIZ 90280 0 oN 
fF OL X OFO0'O 0°0 OOFTO'O £8690 0 9120 90Z80 0 °H 


“QUSIOM 
JVTNIIOTY 4) q og oy Ser) 


MAN. 


. 
4 


(CLE2Z + 9 2 = ML) 9pBadiquoy sveis0q7 ON} VIVAU J, 
Jay] dad sapoyy A}IsUuOC] 

‘gjour Jed S104] QUINOA 

so1oydsowlyy INSSIAI 


spy) 


AND BRIDGE 


~ 
« 


BEATTIE 


= Vy 


~ i) 4 = ¢/ 
1) 


‘SUSV!) NAT, YOU SLNVISNOY ALVLY JO NOLLVAOW AHL AO SaA'IV A 
“XT WTAV.L 


NOL, MOd SoPLASSsaa gd GALY TOOT.) CELL PALEM GS AMaSH() CHL AO NOSTUVAWO,) "TY 














A NEW EQUATION OF STATE FOR FLUIDS. 271 


TABLES X to XIX. 


COMPARISON OF THE OBSERVED PRESSURES WITH THOSE CALCULATED FROM 
THE EQUATION OF STATE. 


See Table [X for the values of the constants and the units used. 

For each isotherm the observed pressures are given in the first horizontal 
line, and the observed minus the calculated pressures in the second. The 
latter values subtracted from the former give the pressures calculated from 
the equation of state. 

Under the column headed Ref. there is given the reference to the data from 
which the ‘“‘observed pressures’’ were obtained, the following abbreviations 


being used. 
A Amagat 
An Andrews 
B Beattie 
Br Bartlett 
K Koch 
K and B_' Keyes and Burks 
L Data from Leiden Laboratory 
R Data from Reichsanstalt (Holborn and Schultze; Holborn 
and Otto) 
Sand T Smith and Taylor 
V Verschoyle 


Witkowski 
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TABLE X.—HE.ivum. 
Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 ‘ 
Temp.°C Ref. Pressure, atmospheres. r 
400 R obs 27.76 55.80 84.13 
obs-—calec -—-0.05 -0.19 -—0.42 ewes 
300 R obs 23.64 47.53 71.67 96.07 
obs-calc —0.04 -—0.14 -0.31 -—0.55 ie 
200 R obs 19.52 39.26 59.22 79.41 99.82 
obs-caic -0.02 -0.09 -0.20 -0.34 -0.53 Se 
100.35 L obs 15.41 30.98 46.73 62.67 nae ae PG roe Jes 
obs-calc -—0.02 -0.08 -0.16 -0.27_..... eter as ae 
100 R obs 15.40 30.97 46.73 62.67 78.80 95.11 
obs-calce -—-0.01 -0.06 -0.12 -0.21 -0.31 -0.45 ceed 
50 R obs 13.34 26.83 40.49 54.31 68.30 82.46 96.79 
obs-cale -—0.01 -—0.04 -0.08 -0.13 -0.20 -0.27 —0.36 
20 L obs 12.10 24.34 36.73 49.26 61.93 
obs—cale -—0.01 -—0.03 -0.07 —-0.12 —0.20 bho ae ee at 
0 Robs 11.27 22.68 34.23 45.92 57.75 69.72 81.84 94.12 .... | 
she-cnle «0:08 -0:68 <0258 <6.08. ~8.58 =<-6.18 -~O8.06 «0.00 22.25 
0 L obs 11.27 22.68 34.22 45.90 57.71 
obs-—calc —0.01 —0.03 —0.06 -—0.11 —0.17 
—37.40 L obs 9.73 19.59 29.57 39.67 
obs-—calc —0.01 —0.01 —0.01 —0.03 c~ ko alta eee cWers ees ‘ 
—50 R obs 9.21 18.54 27.98 37.53 47.20 57.00 66.92 76.97 87.16 97 
obs-cale 0.00 -0.01 -0.02 -0.04 -0.06 -0.08 -0.10 -0.11 -011 | ~° 
—70.32 L obs 8.38 16.86 25.45 34.15 42.96 651.87 ; 
obs—caic 0.00 0.00 0.01 0.01 0.01 0.01 soil ny xn 
—100 R obs 7.15 14.388 21.70 29.12 36.63 44.23 51.94 59.74 67.64 15 
obs-calc 0.00 -0.01 -0.01 -—0.01 -—0.02 -0.02 -0.01 -0.01 0.00 0 
—103.64 L obs 7.00 14.09 21.27 28.54 35.90 43.35 50.89 
obs—cale 0.00 0.01 0.01 0.02 0.03 0.03 0 ee te 
~142.01 L obs 5.41 10.90 16.45 22.08 27.77. 33.53 39.36 45.26 51.23 
obs-cale 0.00 0.01 0.01 0.03 0.04 0.06 0.07 0.08 0.08 . 
—150 R obs 5.08 10.23 15.43 20.70 26.03 31.42 36.88 42.41 48.01 53 
obs-calc 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 0.00 0.00 0 
~183 R obs 3.72 7.48 11.28 15.12 19.01 22.95 26.93 30.95 35.02 39. 
obs-cale 0.00 0.00 0.00 -0.01 -0.01 -—0.01 -—0.01 —0.02 -0.03 1 ~% 
—183.32 L obs 3.71 7.46 11.26 15.11 19.00 22.93 26.91 30.94 35.02 
obs-cale 0.00 0.01 0.02 0.04 0.05 0.06 0.07 0.08 0.10 
—~201.51 L obs 2.95 5.94 8.96 12.02 15.11 18.23 21.39 24.58 27.80 
obs-calc 0.00 0.00 0.00 0.02 0.02 0.02 0.03 0.03 0.02 
—205.31 L obs 
9) 
—~208.0 R obs 2.69 5.40 8.14 10.90 13.70 16.53 19.39 22.29 25.22 | ~ 
obs—calce 0.00 0.00 0.00 -—0.01 -0.01 -—0.01 -0.01 -0.01 -0.01 | ~: 
—212.06 L obs 
obs—calc re oe = 
—216.56 L obs 2.33 4.69 7.07 9.48 
obs-cale 0.00 0.00 0.01 0.02 
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TABLE X.—HEtivm. 


5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 


97.48 
-0.10 


75.66 83.79 92.03 100.38 
0.03 0.08 0.13 0.19 


53.68 59.43 65.26 71.17 77.16 83.23 89.39 95.65 101.99 


0.01 0.02 0.05 0.08 0.13 0.18 0.24 0.33 0.42 ree band 

39.15 43.33 47 .56 51.85 56.19 60.59 65.05 69.58 74.17 78.82 83.53 

-0.03 —0.03 —0.03 —0.02 —0.02 —0.01 0.00 0.03 0.06 0.09 0.13 
45.35 48 .67 

wees peas gees vee eves —0.06 —0.07 + Can <atach eer een 

28.18 31.17 34.20 7.27 40.38 43.53 46.72 49.96 53.24 56.57 59.94 

-0.01 —-0.03 —0.03 —0.04 —0.04 —0.05 —-0.05 -0.05 -0.04 -0.04 -—0.03 


40.76 43.72 
—0.05 —0.08 
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TABLE X.—Continued. 


Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref. Pressure, atmospheres. 
—217.41 L obs 
obs—calc 
—225.01 L obs 
obs—calc 
—252.63 L obs 
obs—calc at ao ie — “es oe aie ie > peel 
—252.8 R obs 0.83 1.66 2.49 3.32 4.15 4.98 5.81 6.64 7.48 
obs—calc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 -—0.0]1 
—258 .0 R obs 0.62 1.23 1.83 2.43 3.03 3.62 4.21 4.79 5.38 
obs—calc 0.00 0.00 0.00 0.01 0.02 0.03 0.04 0.05 0.07 
—258.34 L obs 
obs—calc _,* hae ie et — a kee cai anaes 
Average deviation (atm.) 0.009 0.036 0.075 0.103 0.112 0.092 0.086 0.070 0.044 
Average “ deviation 0.051 0.110 0.153 0.197 0.186 0.153 0.146 0.126 0.098 


Note: The values below —252°C are omitted in the averages. 


TABLE XI.—NEon. 


Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref Pressure, atmospheres. 
400 R obs 27.80 55.99 84.57 
obs—cale -0.05 -0.18 -—0.38 — 
; 300 R_ obs 23.67 47.67 72.01 96.70 
; obs-cale -0.04 -0.12 -0.25 -0.42 ical 
200 R obs 19.54 39.33 59.41 79.77 100.42 
obs—calc -—-0.02 -0.09 -0.16 -—0.26 -—0.38 rane 
100 R obs 15.40 30.99 46.78 62.79 79.02 95.49 
obs-calce -0.01 -0.05 -0.11 -0.16 -0.21 -—0.25 _—e ice 
20 L obs 12.10 24.33 36.71 49.24 61.93 74.78 87.80 101.00 
obs-cale 0.00 -0.01 -0.02 -0.03 -0.04 -0.05 -0.04 -0.03 og 
A 
: 0 R obs 11.27 22.65 34.17 45.82 57.61 69.54 81.63 93.86 106.26 
| obs-caic 0.00 -—0.02 -0.02 -0.04 -0.05 -0.06 -0.05 -0.06 -0.05 
0 L obs 11.26 22.64 34.14 45.77 57.55 69.48 81.58 93.84 
obs-cale -0.01 -0.03 -0.05 -0.09 -0.11 -0.12 -0.10 -0.08 ee 
—50 R obs 9.20 18.48 27.85 37.32 46.88 56.55 66.32 76.20 86.19 
) obs-cale 0.00 0.00 0.00 0.01 0.01 0.03 0.04 0.05 0.07 
— 100 R obs 7.13 14.30 21.53 28.80 36.14 43.53 50.98 58.49 66.07 
) obs-calce 0.01 0.01 0.03 0.04 0.07 0.09 O.11 0.13 0.15 
—103.01 L obs 6.99 14.01 21.07 28.17 35.33 42.56 49.86 57.24 64.72 
obs-calc -0.01 -—0.03 -0.05 -0.08 -0.09 -0.09 -0.08 -0.05 0.02 
—141.22 L obs 5.41 10.82 16.24 21.67 27.11 32.58 38.08 43.62 49.20 
obs-cale 0.00 -0.01 -0.03 -0.04 -0.06 -0.07 -0.07 -0.06 -0.04 
—150 R obs 5.05 10.11 15.17 20.24 25.32 30.41 35.52 40.64 45.78 
obs-cale 0.00 0.01 0.02 0.03 0.05 0.06 0.08 0.09 0.10 








ws 
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TABLE X.—Continued. 





5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 
37.09 39.79 
—0.07 —0.09 apres 
43.81 
ae i acohe —0.18 
12.60 13.46 
— weia se a er —0.19 —0.23 om ‘outinis sala babies 
8.32 9.17 10.01 10.85 11.70 12.55 13.41 14.27 15.14 16.01 16.89 
-0.02 —0.02 —0.03 —0.06 —0.08 —0.11 —0.15 -0.19 -0.24 -6.29 -0.36 
5.96 6.53 7.10 7.67 8.25 8.83 9.40 9.97 10.54 11.12 11.71 
0.08 0.08 0.08 0.08 0.09 0.10 0.10 0.09 0.07 0.06 0.06 
8.63 9.18 9.72 
aa ae eo ees shee 0.17 0.17 0.16 sneha ae oe 
0.036 0.040 0.060 0.083 0.063 0.070 0.088 0.137 0.173 0.065 0.113 
0.056 0.075 0.093 0.113 0.103 0.132 0.155 0.163 0.190 0.090 0.207 
Total average deviation (atm.) 0.071 
Total average % deviation 0.133 
TABLE XI.—NEon. 
5.C 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 
9.30 106.53 
0.09 0.12 Se ee Paes. 
73.71 81.43 89.22 97.10 105.05 
0.16 0.18 0.20 0.22 0.23 
72.31 80.01 
0.13 0.28 ata al it ro ae 
54.83 60.51 66.25 72.06 77.94 
-0.01 0.04 0.11 0.20 0.32 gad _— adhite 
50.95 56.14 61.36 66.61 71.89 77.21 82.58 87.98 
0.11 0.11 0.10 0.10 0.08 0.06 0.04 0.01 
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Density, moles/liter 
Temp. °C Ref. 


—182.5 


—182.6 


—200 .08 


-—207 .9 


—208.10 


—213.08 


—217 .52 


Average deviation (atm. 


R 


L 


L 


R 


L 


L 


L 


obs 
obs-calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—caic 
obs 
obs—calce 
obs 
obs—calc 


Average % deviation 


Density, moles/titer 


obs 
obs—calc 
obs 
obs-—calc 
obs 
obs-calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 


Temp. °C Ref. 
400 R 
300 R 
200 R 
150 R 
100 R 

50 R 
20.39 L 

0 R 

0 L 

— 50 R 
—57.72 L 


obs 
obs—cale 


i) 


on 


oS ON ON ON ON ON OW OW 
gg2ess 828888 8382 


— 


© 


= 


11. 
OL 


—) 


on & @ 


vr 


.O1 
.65 


. 46 
.O1 
.38 
.28 
.19 
.97 
.02 
.09 


10 


99 


67 


BEATTIE 


1.0 1.5 2.0 2.5 
Pressure, atmospheres. 
7.38 11.03 14.66 18.27 
0.01 0.01 0.03 0.04 
7.37 11.00 14.62 18.21 
0.01 0.00 0.00 0.00 
5.90 8.78 11.62 14.42 
0.01 0.01 0.01 0.02 
5.25 7.79 10.29 12.73 
0.01 0.02 0.04 0.04 
5.22 7.75 10.23 12.66 
0.00 0.00 0.01 0.02 
4.81 7.12 9.38 11.58 
0.00 0.01 0.03 0.03 
4.42 6.53 8.57 10.55 
0.00 0.00 -0.01 -—0.02 
0.032 0.062 0.074 #£0.073 
0.139 0.150 0.187 0.185 


56 


47. 
—O0. 


39 


—0. 
34. 


—O. 
26. 
0. 
23. 
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TABLE XI.—Continued. 


TABLE XII.—ArGon. 


2.5 


98. 
—0O. 


87, 
0 
76 
0. 
64 


83 
02 
60 


.05 
. 26 


03 


.92 


0.03 


—O. 
.38 
17 


.0 1.5 2.0 
Pressure, atmospheres. 

.09 84.80 113.96 
.05 —-—0.11 —0.23 
59 71.83 96.42 
Ol —0.04 —0.05 
.05 58.78 78.70 
02 -0.04 -0.04 
80 52.29 #£«269.88 
.00 0.00 0.02 
.52 45.75 60.99 
ol 0.00 0.01 
26 39.22 52.10 
Ol 0.02 0.02 
79 §©6°©35.46 47.00 
.08 0.14 0.21 
.96 32.63 43.13 
01 -0.01 -0.01 
.03 32.79 43 .34 
.06 0.15 0.20 
.65 26.01 34.10 
.02 -0.04 —-0.05 
.04 25.08 32.85 
.04 0.06 0.10 


.44 
. 30 
47 
.02 


.68 
.19 


.92 


08 


3. 


0 


21.85 


0. 


04 


21.78 


0. 
17. 


0 
15 


0. 


15 
0 


13 


0. 


00 
18 
.02 
.13 
05 
.05 
.03 
73 
04 


12.47 


>. 
0.064 
0.172 


02 


3.0 


105. 


0 


46 
.09 


91.59 


0 


77. 
0. 


63. 


—O 


63. 

0. 
49. 
—0. 


.06 


71 
06 


67 
.03 
88 
18 
50 
11 


47.65 


0 


. 24 


3. 


25. 
0. 


.34 


25 


0. 
19. 
0. 
17. 
0. 
17. 
0. 
15. 
0. 
14. 
.03 
0. 
0. 


—0O 


5 


42 
05 


00 


90 
01 


49 
06 


39 
03 


83 
04 


34 


053 
153 


nS | 


.O1 


11 
48 


.08 


. 86 
.14 
. 66 
.28 


—0 


19. 
0. 
17. 
0. 
16. 
—0. 


0.053 
0.137 


4 


64 


61. 


.98 
.06 
. 88 
.O1 
.59 
.O1 
. 80 
. 06 


68 
02 


88 
04 


15 
04 


0 


25 


.10 


77 


.02 
.18 


42 
28 


4.5 


32.52 
0.05 
32.41 
—0.02 
25 . 26 
0.01 
22.08 
0.07 
21.94 
0.01 
19.88 
0.04 
17.91 
—0.06 
0.053 
0.142 


93 .67 
—0.06 


“J 


ae. 
Se : 
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TABLE XI.—Continued 


6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 


36.05 39.57 43 .08 46.59 50.09 53 .59 57.09 60.59 


gn 
on 
So 
i) 


5 5.0 


52 
05 0.04 0.02 —0.01 —0.05 —0.10 —0.17 —-0.25 —0.35 
4 | 35.93 39.45 42.96 46.48 49.99 53.52 57.05 60.60 
99 | -0.038 -0.05 -0.07 -0.09 -0.13 -0.16 -0.21 -0.26 
og | 27.89 30.49 33.07 35.63 38.17 40.69 43.19 45.67 
| 0.01 0.04 -0.07 -0.11 -0.16 -0.22 -0.30 -0.40 
yg | 24.31 «= - 26.51 28.67 = 30.80 32.89 34.96 36.99 39.00 
7 | 0.05 0.04 0.01 -0.02 -0.08 -0.14 -0.23 -0.32 
4 | 24.15 26.33 28.47 30.58 32.66 34.72 36.74 38.74 
1 | 0.01 -0.03 -0.07 -0.12 -0.17 -0.23 -0.32 -0.41 
3g | 21.84 23.75 25.62 27.45 29.24 30.99 32.71 34.39 
y | 0.03 0.00 -0.03 -0.07 -0.13 -0.20 -0.29 -0.39 
1 | 19.68 «21.30 «22.93 = 24.52 26.08 += 27.60» 29.08 30.54 
~ | -0.07 -0.09 -0.11 -0.13 -0.16 -0.19 -0.24 -0.28 


53 0.062 0.083 0.078 0.111 0.156 0.171 0.235 0.303 
42 0.143 0.162 0.182 0.251 0.343 0.455 0.595 0.729 


Total average deviation (atm.) 0.081 
Total average % deviation 0.209 


TABLE XII.—Arcon. 


5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 


wt 


, 77.81 84.49 91.06 
. i -0.27 -0.31 -0.34 
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TABLE XII.—Continued. 


Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref. Pressure, atmospheres. 

—87.05 L obs 7.42 14.48 21.15 27.44 33 .36 39.02 44.34 49.35 54.11 

obs-—calc -—0.01 0.02 0.04 0.03 0.00 0.04 0.04 0.02 0.02 

—100 R obs 6.88 13.31 19.32 24.92 30.14 35.01 39.55 43.79 47.74 

obs—calc 0.00 -0.03 -0.05 -0.10 -0.15 -0.18 -0.21 -0.21 -0.19 

—102.51 L obs 6.76 13.13 19.06 24.57 29.70 34.47 38.88 42.96 46.75 

obs-calc -—0.02 0.01 0.02 0.02 0.01 0.02 0.01 0.00 0.02 

—109.88 L obs 6.45 12.48 18.07 23 .22 27 . 94 32.27 36.25 39.89 43.22 

obs-cale —0.01 0.01 0.03 0.04 0.02 0.00 0.00 0.02 0.07 

—113.80 L obs 6.27 12.12 17.50 22.43 26.93 31.03 34.77 38.16 41.23 

obs-calc -0.03 -0.01 0.00 -0.02 -0.04 -0.07 -0.07 -0.05 0.00 

—115.86 L obs 6.18 11.95 17.23 22.04 26.43 30.42 34.04 37.30 40.21 


obs-calc —0.03 0.00 0.01 -0.02 -0.04 -0,06 -0.05 -—0.03 0.00 


—116.62 L obs 6.15 11.88 17.11 21.89 26.24 30.19 33.77 36.96 39.80 
obs-—calc —0.03 0.00 -0.01 -0.03 -0.05 -0.06 -0.05 -0.05 -0.04 


—119.20 L obs 6.04 11.67 16.78 21.41 25.60 29.35 32.69 35.67 38.32 
obs-calc —0.03 0.02 0.01 -0.02 -0.06 -0.12 -0.19 -0.23 -0.23 
—-120.24 L obs 6.00 11.58 16.65 21.24 25.39 29.14 32.50 35.49 38.13 


obs-cale  —0.02 0.02 0.02 0.00 -0.02 -0.02 0.00 0.04 0.09 


—121.21 L obs 5.96 11.49 16.53 21.09 25.19 28.85 32.11 35.01 37.58 
obs-calc —0.02 0.01 0.04 0.04 0.02 -0.01 -0.04 -—0.03 0.03 


Ee ae AS Ait Ee Tag i aks nC Alig als PE ty te 8 Sagat gaol cok li 


—130.38 L obs 5.58 10.67 15.24 19.31 22.91 26 .07 28.80 31.13 33 .06 
obs-ca.c —0.01 0.01 0.01 0.00 0.00 0.01 0.04 0.10 0.17 
—139.62 L obs 5.17 9.83 13.91 
obs-calc -0.03 -0.01 -0.03 
~149.60 L obs 4.74 8.93 12.48 
obs-—calec -0.03 -0.01 -—0.05 ree pus ow ot Fa Ba 
Average deviation (atm.) 0.013 0.020 0.039 0.057 0.065 0.081 0.084 0.091 0.088 
Average % deviation 0.207 0.107 0.147 0.142 0.158 0.174 0.185 0.198 0.195 
$ 
: 
‘ 
~i 
; 
) TABLE XIII.—Hyprocen. 
Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref. Pressure, atmospheres. 
200 R obs 19.56 39.44 59 .63 80.15 101.02 
obs-calc —0.01 —-0.04 -—0.11 —0.24 —-0.43 alas 
100 R obs 15.43 31.10 47.02 63.21 79.66 96 .37 
obs—calc 0.01 0.01 0.00 —-0.02 -0.08 -—0.21 
100 L obs 15.42 31.06 46.93 
obs—calc 0.00 -0.03 —0.09 
100 W obs 15.43 31.09 47.01 
obs—calc 0.01 0.00 -0.01 ea ee are cone 
50 R obs 13.36 26.92 40.70 54.69 68 .90 83 .34 98.01 


obs—calc 0.01 0.02 0.04 0.04 0.01 -—-0.06 —0.18 
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TABLE XII.—Continued. 


5.5 6.0 6.5 7.0 7.8 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 


63.14 
0.27 Kees 
54.82 58.00 
—0.14 —0.08 
53 . 56 56.58 
0.16 0.25 
49.02 51.50 
0.24 0.34 er eas ines rr 
46.46 48 .66 Sowa sees ‘eon ree 
0.17 0.30 
45.11 47.15 
0.14 0.27 
44.60 46.60 
0.12 0.27 


42.73 44.51 


42.47 44.19 


0.33 0.49 
41.83 43 .53 
0.32 0.54 


0.208 0.293 
0.415 0.584 


Total average deviation (atm.) 0.078 
Total average % deviation 0.203 


TABLE XIII.—HyproGen. 


6.5 7.0 7.5 8.0 8.5 9.0 9. 
Pressure, atmospheres. 


10.0 


or 
or 
=>) 
© 
vr 
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Density, moles/liter 
Temp. °C Ref. 


20 


0 


—182. 


—183 


—183 


—205 


—207. 


—212 


—212. 


.55 


. 85 


.21 


74 


L 


R 


L 


obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 


’ obs 
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obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—cale 
obs 
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obs 
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obs 
obs—caic 
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TABLE XIII.—Continued. 


1. 


24. 
0. 


22. 
oO. 


22. 
0. 


22. 
.03 


18. 
0. 


16. 
0. 


. 34 
0. 


.04 
0. 


.02 


0 


14 


14 


14 


0. 
.00 
0. 
.40 
.02 
.14 
.02 


11 


Co * co ou on On on oo on on on ow 


0 


40 
02 
73 
03 
71 
O01 
73 


54 
03 
28 
03 
02 
02 
04 


02 


95 


.O1 


38 


.00 


37 
01 


.37 
.O1 


78 


.O1 


33 
00 


54 


.00 


51 
00 


26 


.00 


91 
01 


85 


.00 


1.5 2.0 2. 
Pressure, atmospheres. 
36.87 49.54 62. 
0.03 0.04 0. 
34.35 46.13 58. 
0.05 0.06 0. 
34.30 46 .05 
0.00 —0.02 os 
34.34 46.12 58. 
0.04 0.05 0. 
27.99 37.56 47 
0.05 0.07 0. 
24.58 32.98 41. 
0.08 0.13 oO. 
21.62 28.98 36. 
0.05 0.07 0. 
a7. Ba 2 
0.05 0.07 0. 
21.14 28.34 35 
0.07 0.12 0. 
16.55 22.14 27. 
0.05 0.08 0. 
15.64 20.91 26. 
0.05 0.07 0. 
15.24 20.37 25 
0.03 0.05 0. 
13.44 17.94 22. 
0.03 0.04 0. 
11.05 14.70 18. 
0.01 0.0i 0. 
11.03 14.68 18. 
0.02 0.03 0. 
11.04 14.70 18. 
0.03 0.05 0. 
10.14 13.48 16. 
0.03 0.04 0. 
9.46 12.57 15. 
0.01 0.02 0 
8.25 10.93 13 
0.00 0.01 0 
8.21 10.87 13. 
0.01 0.01 0 
7.82 10.34 12. 
—0.01 -0.01 -—O 
7.29 9.63 11 
—0.01 -0.02 —-—O 
7.20 9.50 11 
—0.01 -0.02 -0O 


5 


42 
04 
09 
05 


.65 


.03 
.57 
.O1 


.02 


.02 
.94 
.O1 
. 76 
.02 


21 


22 


18. 
.04 
16. 
.02 
16. 
.02 

15. 
—0. 

14. 
—0. 

13. 
.03 


-11 
.09 
19 


.10 


.O1 
.11 


.99 
.21 


.43 
11 


.58 
15 


72 
.08 


.99 
.08 


.02 


. 96 
.05 


.O1 
.10 


20. 


12 


72 


19 


10 


28 
02 


01 
98 


88. 
.02 
82. 
.O1 


86 


60 


.10 
.07 


. 82 
.20 


. 56 
11 


.46 
.12 


. 46 
. 26 


.16 
.14 


.98 
.19 


.95 


.55 
.10 


.65 
.03 


.05 


.67 
.12 


.43 
.08 


77 
.05 


.78 
.02 


. 67 
.03 


.69 


42 
.O1 


.16 


ba | 


on. 


15 
.10 


. 24 
.03 


. 28 
.10 


.02 
.13 


.02 
. 29 


.94 
.15 


.43 
. 22 


.10 


.14 
ae 


. 30 
.03 


. 24 
. 06 


.33 
.15 


44 
.10 


. 80 
.05 


.02 
22 
.04 
.08 
.04 
.61 
.O1 
.3l 
.04 


87.55 
—0.03 
67.10 

0.08 
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TABLE XIII.—Continued. 


5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, tamospheres. 

98 .03 

-0.12 


75.03 83 .09 91.27 99.57 





0.03 —0.03 —0.11 —0.24 

53.52 59.17 

0.30 0.34 eo Tr wes eae err +e re ee 

51.89 57.32 62.81 68.37 74.00 79.70 85.49 91.39 97.39 103.49 

0.06 0.04 0.01 —0.04 —0.09 —0.17 -0.26 -0.34 -0.43 -—0.53 

36.63 40.32 44.02 47.74 51.49 55.27 59.03 62.96 

0.02 0.01 0.00 —0.03 —0.05 —0.08 —0.11 -—0.14 ‘wee owed 2 
36.55 40.23 43 .92 47.64 51.38 55.15 58.96 62.81 66 .6Y 70.62 74.62 
0.05 0.05 0.04 0.03 0.01 —0.01 —0.04 -0.07 -0.11 -0.16 -0.19 
36. 66 40.33 44.02 47.74 51.49 55.27 59.09 

0.16 0.15 0.14 0.13 0.12 0.11 0.09 wears ina 

33.35 36.65 39.96 43.28 46 .62 49.98 53.37 56.78 60.23 

0.12 0.12 0.11 0.10 0.09 0.08 0.08 0.06 0.05 

30.85 33 . 86 36.85 39.91 42.96 46.01 49 .07 52.14 

0.05 0.04 0.04 0.04 0.05 0.04 0.04 0.01 ea ree Swen 
26.42 28.93 31.42 33.91 36.41 38.91 41.41 43.91 46.41 48.93 51.47 
0.04 0.04 0.04 0.04 0.06 0.09 0.11 0.14 0.16 0.19 0.24 
26. 23 28.70 31.16 33.61 36.07 38 .53 41.01 43.50 45.99 48.50 51.04 
0.02 0.00 —0.01 —0.02 —0.02 —0.01 0.02 0.06 0.09 0.14 0.21 
24.78 27.10 29 . 40 31.70 33 .99 36 . 27 38 .55 40.83 43.11 45.41 47.72 
—0.06 —0.07 —0.08 —0.08 —0.07 —0.06 —0.04 —0.02 0.00 0.04 0.10 
22.91 25 .02 27.11 29..18 31.23 33 . 26 35.27 «8937.29 39.32 41.36 43.42 
0.00 0.01 0.02 0.04 0.05 0.07 0 0.12 0.17 0.25 0.35 
22.51 24.56 26.59 28.61 30.61 32.60 34.59 36.57 38.55 40.53 42.51 


—0.02 0.06 0.12 0.19 0.26 


e 
|) 
bo 


—0.05 —0.06 —0 .06 —0.05 —0.04 
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TABLE XIII.—Continued. 


Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref. Pressure, atmospheres. 
—217.33 L obs 2.26 4.46 6.61 8.71 10.76 12.75 14.70 16.62 18.50 
obs—calc 0.00 -—-0.01 —0.01 —0.01 —0.02 —0.03 —0.04 —-0.04 —0.04 


—225.36 L obs pails cere (leet oe a Peas 12.13 13.64 
obs—calc aaiens ae 5 allah sade ane . ae —0.05 —0.04 
—231.39 L obs ee de eee oe re pas seatand 10.19 11.38 
obs—calc ae ie mabe ae eae er —0.04 -—0.03 
—236.30 L obs eee ee tice oe baie re 8.59 9.53 
obs—calc er ee inate ae re s<o> ae 0.01 
—238.29 L obs 7.95 8.77 
obs-calc 0.01 0.03 
—239.91 L obs 7.41 8.16 
obs-—calc 0.02 0.06 
—241.87 L obs 6.76 7.39 
obs—calc 0.05 0.09 
—243.88 L obs 6.08 6.59 
obs—calc séue ee ew aan ee Pre. 0.07 0.12 ‘ua 
Average deviation (atm.) 0.003 0.016 0.034 0.052 0.073 0.078 0.075 0.081 0.0 
Average % deviation 0.045 0.108 0.166 0.196 0.215 0.227 0.294 0.355 0.209 
TABLE XIV.—NITROGEN. 
Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref. Pressure, atmospheres. 
400 R obs 27 .94 56.59 85.99 
obs-calc -—0.04 -0.14 —-—0.28 wn 
300 R obs 23.76 48.03 72.86 98.29 
obs-—cale -0.02 -0.07 -0.15 -—0.25 bon 
200 R obs 19.56 39.45 59.71 80.37 101.46 
obs-calc -0.01 -0.02 -0.04 -0.06 -—0.10 
150 R obs 17.46 35.16 §3.11 71.36 89.94 
obs—calc 0.00 0.00 0.00 -—-0.01 -—0.02 when 
100 R obs 15.36 30.84 46.48 62.31 78.36 94.68 
obs—calc 0.00 0.00 0.00 0.01 0.02 0.04 Sita 
50 R -obs 13.26 26.54 39.87 53.28 66.79 80.43 94.23 
obs—calc 0.01- 0.02 0.04 0.06 0.08 0.08 0.08 
20 L .obs 12.00. 23.96 35.88 } 47.81 59.75 
obs—calc 0.01 0.03 0.04 0.05 0.03 Se ne eee ea 
20 V- obs 11.99 23.93 35.86 47.80 59.78 71.81 83.91 96.13 108.50 
obs—calc 0.00 0.00 0.02 0.04 0.06 0.06 0.03 -—0.01 -—0.07 
0 R obs 11.15 22.22 33.22 44.18 55.13 66.10 77.11 88.18 99.33 
obs—calc 0.00 0.03 0.05 0.07 0.09 0.10 0.10 0.08 0.03 
0 L obs 11.16 22.24 33.23 44.16 55.07 
obs—calc 0.01 0.05 0.06 0.05 0.03 








5.0 5.5 


20.34 22.15 
-0.04 —0.03 


0.075 0.071 
0.192 0.176 


5.0 5.5 


121.08 133.91 
~0.11 —0.12 





23 .92 
—0.03 


0.053 
0.138 


NEW EQUATION OF STATE FOR FLUIDS. 


TABLE XIII.—Continued. 


6.5 7.0 7.5 8.0 8.5 
Pressure, atmospheres. 

25.67 27.40 29.12 30.82 32.51 

—0.02 0.00 0.05 0.10 0.16 


0.066 0.054 0.066 0.083 0.107 
0.142 0.125 0.141 0.164 0.210 


Total average deviation (atm.) 0.068 
Total average % deviation 0.203 


TABLE XIV.—NITROGEN. 


6.5 7.0 7.8 8.0 8.5 
Pressure, atmospheres. 


34.19 
0.24 


283 


35.86 
0.33 


0.438 


0.256 


10.0 
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TABLE XIV.—Continued. 


1 en 


pe 


| es 


Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref. Pressure, atmospheres. 

0 V obs 11.15 22.20 33.19 44.14 55.08 66.03 77.02 88.08 24 

obs-calc 0.00 0.01 0.02 0.03 0.04 0.03 0.01 -0.02 —0.06 

0 Br obs 11.16 22.23 33.22 44.16 55.09 66.04 77.02 #£88.07 23 

obs—calc 0.01 0.04 0.05 0.05 0.05 0.04 0.01 -0.03 -—0.07 

—23.62 L obs 10.15 20.17 30.05 39.83 49.54 59.21 68 . 87 

obs—calc 0.00 0.02 0.03 0.03 0.03 0.02 0.01 ve date 

—50 R obs 9.04 17.87 26.50 34.96 43.28 51.48 59.58 67.61 £75.59 

obs—calc 0.00 0.01 0.01 -0.01 -0.03 -0.07 -0.13 -0.23 -—0.35 

—50.26 L obs 9.04 17.88 26.51 34.96 43.26 51.45 59.57 

obs—calc 0.01 0.04 0.05 0.04 0.01 -0.02 -—0.05 om tae 

—81.10 L obs 7.74 15.19 22.37 29.29 35.98 42.47 48.80 54.97 61.00 

obs—calc 0.02 0.04 0.06 0.06 0.04 0.01 -—-0.02 -—-0.07 —0.16 

—100 R obs 6.92 13.50 19.76 25.71 31.39 36.82 42.01 47.01 51.82 

obs—calc 0.00 0.00 0.00 -—0.01 —0.02 -0.04 -0.08 -0.13 -0.19 

—102.25 L obs 6.83 13.31 19.47 25.33 30.91 36.22 41.29 46.16 50.85 

obs—calc 0.00 0.01 0.02 0.03 0.04 0.03 0.00 -—-0.02 —0.06 

—121.19 L obs 6.03 11.65 16.89 21.75 26.26 30.46 34.38 38.05 41.48 

obs—cale 0.01 0.01 0.02 0.02 -0.01 -0.02 -0.03 -0.02 -0.0l 

—130 R_ obs 5.65 10.85 15.63 20.01 24.02 27 .69 31.04 34.09 36. 88 

obs—calec 0.00 —0.01 —0.02 -0.05 -0.07 -0.09 -—0.11 —0.13 —0.12 

—131.27 L obs 5.59 10.70 15.41 19.74 23.73 27.38 30.70 33.71 £36.45 

obs-calc 0.00 -—-0.04 -0.07 -0.07 -0.05 -0.01 -—0.03 0.06 0.10 

—141.53 L obs 5.16 9.84 14.05 17.81 21.16 24.14 26.78 29.12 31.16 

obs—cale 0.01 0.01 0.00 -—-0.02 -0.05 -0.05 -—0.01 0.07 0.18 

—144.46 L obs 5.03 9.56 13.62 17.23 20.42 23 . 22 25.66 27.78 29.60 

obs—calec 0.00 -—0.01 -0.02 -0.03 -0.04 -0.04 -—0.01 0.07 0.19 

—146.32 L obs 4.94 9.38 13.34 16.86 19.95 22.64 24.96 26.94 28 .62 

obs-—cale -—0.01 -—0.02 -0.04 -—-0.04 -0.04 —0.03 0.01 0.08 0.20 

—148.58 L obs 4.85 9.20 13.07 16.47 19.43 21.98 24.14 25.93 27.41 

obs—calc 0.00 0.00 0.01 0.01 0.02 0.04 0.07 0.12 0.22 

Average deviation (atm.) 0.006 0.026 0.044 0.046 0.042 0.043 0.044 0.076 0.134 

Average % deviation 0.062 0.118 0.134 0.113 0.110 0.106 0.098 0.187 0.318 


TABLE XIV.—A 
Data of Smith and Taylor Compared with Special Equation Based on Their Measurements 


Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Temp. °C Ref. Pressure, atmospheres. 

200 S+ T obs 19.55 39.40 59.58 80.10 101.00 122.32 144.10 166.39 

obs—cale 0.00 0.02 0.04 0.03 0.02 0.00 —0.03 —0.05 

152.34 S+T obs 17.55 35.31 53.30 71.55 90 .09 108 .95 128.18 147.83 

obs—calc 0.00 0.02 0.02 0.03 0.02 0.00 —0.01 0.00 

100 s+ T obs 15.36 30.83 46.43 62.19 78.13 94.29 110.70 127.40 

obs—cale 0.01 0.03 0.04 0.05 0.05 0.05 0.05 0.05 
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TABLE XIV.—Continued. 


5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 


110.54 122.01 


-0.11 —0.16 
110.57 122.13 
-0.08 —0.04 


56.47 61.00 


-0.27 —0.35 
55.38 

-0.10 we 
44.66 47 .60 
-0.03 —0.10 
39.44 41.83 
-0.10 —0.10 


38.95 41.22 
0.16 0.24 


32.91 34.41 


0.31 0.47 
31.15 32.42 
0.36 0.55 
30.00 31.11 
0.36 0.56 
28.61 29 . 56 
0.39 0.63 
0.222 0.324 
0.532 0.779 


Total average deviation (atm.) 0.072 
Total average % deviation 0.190 


TABLE XIV.—A 


uy 


4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8. 9.0 9.5 10.0 
Pressure, atmospheres. 


189.24 212.7 236 . 84 261.74 287.45 314.04 


—0.04 0.01 0.13 0.38 0.77 1.33 
167.95 188.58 209.77 231.57 254 .03 277.18 
0.05 0.15 0.31 0.56 0.91 1.36 


144.44 161.85 179.67 197 .96 216.75 236 .07 
0.08 0.13 0.23 0.39 0.62 0.92 








286 BEATTIE AND BRIDGEMAN. 


TABLE XIV.—A—Continued. 


Density, moles/liter 0.5 1.0 1.5 2.0 
Temp. °C Ref. Pressure, atmospheres. 
49.98 S+T obs 13.25 26.51 39.80 53.14 
obs—calc 0.00 0.00 0.00 -—0.01 
0 S+T obs 11.16 22.22 33.21 44.15 
obs—calc 0.01 0.01 0.01 0.01 
Average deviation (atm.) 0.004 0.016 0.022 0.026 
Average % deviation 0.032 0.052 0.046 0.040 


TABLE XV.—OxyGEN. 


Density, moles/liter 0.5 1.0 1.5 2.0 2. 
Temp. °C Ref. 
100 R obs 15.29 30.54 45.78 61.03 76. 
obs—calc 0.00 -0.01 -0.02 +-0.04 -—0 
50 R obs 13.19 26.26 39.22 52.10 64. 
obs—calc 0.00 0.01 0.02 0.03 0. 
20 L obs 11.93 23 . 67 35.25 46.68 57. 
obs—calc 0.00 0.01 0.02 0.02 0. 


0 R obs 11.09 21.95 32.61 43 .09 53. 
obs—caic 0.01 0.01 0.03 0.04 0. 

0 L obs 11.09 21.95 32.61 43.09 53 
obs—calc 0.01 0.01 0.03 0.04 0. 

—40.05 L obs 9.40 18.48 27 . 27 35.79 44 
obs—calc 0.00 0.00 0.00 0.00 0. 

—80.03 L obs ep 15.01 21.92 28 .47 34. 
obs—calc 0.00 0.00 -0.01 -—0.01 Q. 
—102.46 L obs 6.77 13.07 18.93 24.35 29. 
obs—calc 0.01 0.01 0.02 0.02 0 

—109.97 L obs 6.45 12.41 17.90 22.94 Be 
obs—calc 0.01 0.01 0.01 0.01 —O0. 

—113.98 L obs 6.28 12.06 17.35 22.17 26. 
obs—calc 0.01 0.01 0.01 -0.01 -0O 

—116.01 L obs 6.19 11.87 17.05 21.77 26 
obs-caic 0.00 0.00 -—-0.01 -0.03 -—0O. 

—116.99 L obs 6.15 11.79 16.93 21.60 25. 
obs—calc 0.00 0.01 0.00 -—-0.01 —0O. 

Average deviation (atm.) 0.004 0.008 0.015 0.022 0. 
Average % deviation 0.054 0.044 0.056 0.063 OO. 


3.0 


80.08 


—0.06 


65.96 


—0.03 


2.5 
66.55 
~0.04 
55.06 
0.00 
0.026 
0.032 
5 3.0 
31 91.64 
07 -0.12 
91 77.67 
02 0.00 
97 
°C ee 
42 63.59 
07 «0.07 
39 
es 
06 52.10 
00 —0.01 
69 40.60 
00 0.02 
36 33.98 
01 -0.02 
54 31.74 
01 —0.03 
55 30.51 
03 —0.06 
04 29.89 
05 —0.07 
81 29.60 
04 —0.06 
028 0.046 
070 0.109 


3 


90 


—0O. 


59. 
46. 


38. 


—0 


35. 
—O. 
34. 
—(.. 
33. 
—0. 
33. 
—0. 


0.028 
0.034 


5 


3.5 


93.76 
—0.08 


76.90 
—0.05 


0.044 
0.044 


4. 


0 


4.0 


107 .65 
—0.06 


87.91 
—0.05 


0.042 
0.038 


4.5 


Pressure, atmospheres. 


.41 
03 


97 
.O1 


21 
.03 
25 
.04 


58 
02 


10 
06 


37 


07 
.042 
. 102 


103. 
—0. 


© & 


51 


—0 
39 


—0. 
. 33 


37 


—0. 


36. 
.03 


.03 


—0 
36 


—0. 


.046 
0. 


.58 
.04 


. 54 
.04 


42. 
.03 


.07 


21 


01 


06 


49 


07 


094 


93 .43 
—0.02 


56 


es 
Sess: 


0. 
5. 
—0. 
42.23 

0.00 
40.21 
—0.05 
39.25 
—0.01 
38.72 
—0.05 


0.026 
0. 056 





—( 





A NEW EQUATION OF STATE FOR FLUIDS. 


TABLE XIV.—A—Continued. 


4.5 5.0 5.5 6.0 6.5 7.0 7.5 
Pressure, atmospheres. 
121.77 136.15 150.82 165.82 181.18 196.93 
-0.01 0.08 0.20 0.38 0.60 0.89 
99.04 110.31 121.77 133.46 145.42 157.70 
-0.01 0.07 0.21 0.42 0.73 1.16 
0.038 0.088 0.216 0.426 0.726 1.132 
0.026 0.056 0.146 0.226 0.350 0.498 
Density range 0-5.0 0-7 .0 
Total average deviation (atm.) 0.033 0.202 
Totalaverage % deviation 0.040 0.116 
TABLE XV.—OxyGEN. 
5.0 5.5 6.0 6.5 7.0 7.5 8.0 
Pressure, atmospheres. 
103.18 
-0.13 
61.42 
49 22 52.30 55.12 57.71 60.10 
-0.01 —0.01 —0.02 —0.05 —0.07 re er 
45.07 47.60 49.86 51.87 53.66 55.28 56.75 
0.01 0.00 0.00 —0.01 —0.02 0.01 0.07 
42.76 45.01 47.00 48.74 50.25 51.53 52.60 
~0.05 —0.04 —0.01 0.03 0.09 0.13 0.15 
41.67 43.78 45.62 47.19 48.52 49.63 50.55 
0.01 0.03 0.06 0.10 0.15 0.20 0.27 
41.08 43.14 44.91 46.40 47.65 48.68 49.50 
-0.03 0.01 0.06 0.10 0.15 0.21 0.26 
0.034 0.018 0.030 0.058 0.096 0.138 0.187 
0.054 0.040 0.064 0.120 0.194 0.275 0.368 


Total average deviation (atm.) 0.051 
Total average % deviation 0.115 


0.32 
0.220 
0.470 


59.24 
0.20 
54.15 
0.12 
1.95 
0.48 
.62 
.39 
298 


563 


on 


coo ofS 


10.0 
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TABLE XVI.—Arr. 


Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref. Pressure, atmospheres. 
200 R obs 19.53 39.33 59.44 79.90 100.73 
obs-cale -0.01 -0.01 -0.01 0.01 0.02 ae 
150 R obs 17.44 35.05 52.88 70.95 89.30 107.97 
obs—cale 0.00 0.01 0.03 0.05 0.09 0.16 as alte 
100 R obs 15.34 30.77 46.30 61.98 77.84 93.92- 110.25 
obs-cale 0.00 0.03 0.05 0.09 0.14 0.23 0.35 Ghadail 
100 W obs 15.33 30.70 46.17 461.78 77.57 £93.56 109.78 126.26 
obs-—caic -0.01 -—0.04 -0.08 -0.11 -0.13 -0.13 -0.12 -0.10 
50 R obs 13.24 26.47 39.70 52.97 .66.30 79.72 93.25 106.94 
obs—cale 0.01 0.03 0.05 0.09 0.14 0.19 0.24 0.31 
20 L obs 11.99 23.89 35.73 47.51 £59.27 
obs—calec 0.02 0.03 0.05 0.05 0.04 eae ae nee Saat : 
16 W,A obs 11.80 23.50 35.11 46.66 58.20 69.77 481.37 £493.03 104.80 11¢ 
obs-cale -0.01 —0.01 0.06 -—-0.07 -0.10 -0.11 -0.12 -0.13 -0.11 —( 
0 R obs 11.14 22.15 33.06 43.90 54.69 65.46 76.21 86.98 97.80 
obs—cale 0.01 0.02 0.03 0.06 0.09 0.13 0.16 0.19 0.21 . 
0 W obs 11.14 22.14 33.02 43.81 54.54 65.26 75.99 86.75 97.58 108 
obs—caic 0.01 0.01 -—0.01 -0.03 -—-0.06 -0.07 -0.06 -0.04 -0.01 ( 
0 K obs 11.12 22.09 32.94 . 43.71 54.42 65.11 75.81 86.54 97.33 108 
obs-cale -—0.01 —O. —-0.09 -0.13 -0.18 -0.22 -0.24 -0.25 -0.26 ={ 
—35 W obs 9.67 19.15 28.44 37.57 46.56 55.44 64.23 72.95 81.61 % 
obs—cale 0.01 0.04 0.06 0.08 0.10 0.12 0.13 0.14 0.13 ( 
—70.09 L obs Sela . ane i i asia si hh peren a er 51.92 58.58 . 
obs—cale ere eesiaall i tau we sree ee —0.07 —0.04 i ie . 
—78.5  W obs 7.84 15.37 22.62 29.60 36.33 42.84 49.15 55.27 61.21 67 
obs—cale 0.01 0.03 0.05 0.06 0.07 0.08 0.09 0.09 0.06 
—79.1 K obs 7.79 15.26 22.43 29.34 36.02 42.47 48.72 54.78 60.69 66 
obs-calc -—0.01 -0.03 -0.06 -0.09 -0.10 -0.12 -0.13 -0.16 -0.17 =f 
—84.08 L obs oe Bes yore! ae cate parks res 47.04 52.77 58.33 
obs—cale Peon ee eae eae aan ..e- 0.07 -~0.12 -0.17 
—103.48 L obs ati a i cS ee Ae 40.13 44.68 48.99 
obs—calc tes a rene aa ee a oe —0.13 -—-0.16 -—0.19 
—103.5 W obs 6.77 13.17 19.22 24.92 30.29 35.36 40.16 44.72 49.06 53 
obs—cale 0.00 0.01 0.01 0.00 -0.03 -0.06 -0.09 -0.11 -0.11 -0 
—122.03 L obs een siete or epee cae ae 33.45 36.81 39.91 
obs—calc ae ales Ree ein fans see —0.13 -0.15 -0.13 
—129.97 L obs ees ane see ee ee a oe 30.50 33.35 35.93 
obs—caic i peaiietn er cal sae ses eae —0.16 —0.16 —0.10 
—134.99 L obs ee er aa eee ape ree 28.61 31.13 33.35 
obs—caic awe Pegs ae a nea ea nT er —0.18 -0.17 -90.11 
—140.00 L obs cine een fae be ate ete 26.70 28.88 30.75 
obs—caic rare a ipl a a ticeek .... 0.21 -0.19 -0.10 
—145.05 L obs mina aus ae ivtee aces ees 24.74 26.56 28.05 
obs—calic pe ae hl —0.24 -—-0.22 -0.13 . 


Average deviation (atm.) 0.009 0.024 0.046 0.066 0.092 0.135 0.154 0.152 0.133 
Average % deviation 0.078 0.113 0.139 0.148 0.164 0.204 0.327 0.308 0.251 


eo ©& 
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TABLE XVI.—ArrR. 


5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 


116.74 128.89 
-0.03 0.11 
108.51 119.61 130.92 
0.06 0.20 0.42 er seas 
108.20 119.19 130.34 141.69 153.28 l 


‘ 65. 

-—0.25 —0.22 —0.16 —0.04 0.14 0.37 0.63 
90.25 98 .90 107 . 64 116.55 

0.12 0.11 0.16 0.32 

67.00 72.66 78.23 83.73 89.20 94.76 100.32 
0.03 —0.02 —0.06 —0.10 —0.12 —0.01 0.11 
66.47 72.17 77.80 83.40 88.95 94.44 99.87 
-0.18 —0.14 —0.08 0.02 0.14 0.22 0.26 


. 82 75.26 
. 50 0.72 


“I 


fap) 
Qo ° 
om: 


53.22 57.21 61.03 64.72 . 34 
-0.07 —0.01 .06 0.17 0.34 


o 


0.106 0.116 0.157 0.130 0.185 0.275 0.430 
0.127 0.113 0.145 0.140 0.220 0.290 0.423 
Total average deviation (atm.) 0.113 
Total average % deviation 0.198 
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TABLE XVII.—CarsBon DIoxIDeE. 


Density, moles/liter 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Temp. °C Ref. Pressure, atmospheres. 
100 A obs 14.78 28.53 41.32 53.22 64.32 74.72 84.50 93.72 102.43 
obs—calc 0.01 0.01 0.02 0.01 0.01 0.04 0.08 0.10 0.06 
100 An obs 14.75 28.47 41.28 53.30 64 .57 75.06 84.86 94.45 103.19 
obs—cale -—-0.02 -0.05 —0.02 0.09 0.26 0.38 0.44 0.83 0.82 
90 A obs 14.34 27 .61 39.86 51.16 61.61 71.32 80.39 88.86 96.80 
obs—calc 0.00 0.02 0.02 -—0.01 —0.04 -—-0.05 -0.03 -0.05 -0.12 
80 A obs 13.89 26 . 64 38 .33 49 .06 58.93 68 .04 76.46 84.23 91.41 
obs-—cale —0.01 —0.03 -—0.05 -0.06 —0.05 0.00 0.06 0.07 -—0.02 
70 A obs 13.45 25.69 36 . 86 47 .04 56.32 64.77 72.47 79.50 85.92 
obs-cale —0.01 —-0.05 -0.05 -—0.03 0.03 0.09 0.13 0.13 0.05 
63.75 Anobs 13.18 25.17 36.10 46 .04 55.10 63 .33 70.80 77.53 83 . 66 
obs-—calc —0.01 0.01 0.11 0.26 0.50 0.76 1.02 1.18 1.29 
60 A obs 13.01 24.78 35.41 45.01 53.66 61.44 68.42 74.67 80.27 
obs—cale —0.01 —0.03 —0.03 0.01 0.07 0.14 0.18 0.15 0.01 
50 A obs 12.58 23.86 33.94 42.93 50.93 58.03 64.28 69.77 74.59 
obs—calc 0.00 —0.01 —0.0l1 0.01 0.07 0.14 0.18 0.14 0.02 
48.1 An obs ee si-dbe Sie nine Slits eee 64.11 69.62 74.42 
obs-—cale _ ibaie dikes a is i Biles os 0.80 0.93 0.94 
40 A obs 12.15 22.94 32.48 40.86 48.19 54.58 60.09 64.79 68.78 
obs—calc 0.01 0.00 0.01 0.03 0.07 0.14 0.17 0.12 —0.03 
35.5 An obs as eta (ape vee w eee i eo aig 58.12 62.52 66.29 
obs—calc ee owe art in dat ae ee 0.10 0.11 0.10 
35 A obs 11.92 22.45 31.71 39.80 46.81 52.85 59.00 62.32 65.91 
obs—calc 0.00 -0.02 -—0.01 0.03 0.08 0.14 0.19 0.16 0.02 
32.5 An obs poe ae eke age he oer 56.93 61.07 64.48 
obs—calec a iam saa Sai mee 6 tee earey 0.18 0.17 0.06 
32 A obs 11.79 22.21 31.32 39.22 46.02 51.83 56.75 60.83 64.15 
obs—calc 0.00 0.03 0.05 0.08 0.12 0.17 0.21 0.18 0.02 
31.1 An obs Sak al oe se re 45.53 51.36 56.29 60.37 63.72 
obs—calc ee ioe er or —0.12 0.02 0.14 0.17 0.12 
30 A obs 11.69 21.95 30.92 38.70 45.39 51.08 55.84 59.76 62.93 
obs-—cale —0.01 —0.05 —0.05 —0.02 0.05 0.12 0.16 0.12 —0.02 
20 A obs 11.26 21.03 29.43 36.56 42.54 47.49 51.49 94.57 
obs-—calc 0.00 -0.02 -0.03 -0.03 0.00 0.06 0.10 0.04 
10 A obs 10.82 20.10 27.89 34.33 39.58 43.80 
obs—cale 0.00 0.00 -—-0.05 -0.11 -0.13 —0.06 
6.5 An obs 10.63 19.76 27.48 33.86 
obs-—caic -—-0.03 —0.01 0.08 0.18 
0 A obs 10.38 19.15 26.39 32.19 


obs—caic 0.01 0.01 -0.02 -—0.08 ‘eas ee Jas iw cane 
Average deviation (atm.) 0.007 0.021 0.034 0.050 0.065 0.090 0.136 0.122 0.050 
Average % deviation 0.060 0.088 0.108 0.131 0.136 0.163 0.224 0.184 0.066 


Note: The 100°, 63.75°, and 48.1° isotherms of Andrews show large variations from Amagat’s data, 
and hence are exciuded in the averages. 
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TABLE XVII.—Carson DIOXIDE. 


wt 
o>) 
© 


6.5 - 


0 


7.5 


8.0 


Pressure, atmospheres. 


. 687 
. 871 


Total average deviation (atm.) 
Total average % deviation 


0.128 
0.203 


8. 


~” 
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10.0 
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Density, moles/liter 


Temp. °C Ref. 
200 K+B 
150 K+B 
100 K +B 
50 K+B 
0 K+B 


obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 
obs 
obs—calc 


Average deviation (atm.) 
Average ° deviation 


0. 


19 


17. 


15. 


13. 


10. 


0 


BEATTIE 


AND BRIDGEMAN. 


TABLE XVIII.—METHANE. 


5 1.0 1.5 2.0 
Pressure, atmospheres. 
.39 38.77 58.18 77.66 
.O1 0.03 0.04 0.04 
28 34.42 51.46 68.44 
Ol 0.02 0.03 0.02 
16 30.06 44.74 59.23 
.00 0.02 0.04 0.04 
04 25.69 37.98 49.94 
.00 0.01 0.02 0.01 
92 21.29 31.16 40.56 
.00 —0.01 —0.02 -—0.03 
.004 0.018 0.030 0.028 
.022 0.060 0.066 0.048 


2. 


97. 
.O1 


0 


85. 

0. 
73. 
.04 


0 


61. 
0. 
49. 
—0. 
.022 
0. 


0 


5 


26 


42 
00 


59 


62 


00 


53 
06 


036 


3.0 3 
117.06 137 
—0.02 —0 
102.47 119 
—0.01 —0. 

87.85 102 

0.02 —0 
73.08 84 
—0.02 —0 

58.13 66. 
—0.07 —0 
0.028 0 
0.040 0. 


on 
.05 


.63 


03 


.08 
.O1 
.35 
.04 


41 


.06 
.038 


044 


4.0 


157.46 
—0.09 
136.94 
—0.07 
116.32 
—0.04 
95.49 
—0.06 
74.40 
—0.04 
0.060 
0.050 








4.5 


178.18 
-0.13 
154.46 
-0.11 
130.64 
0.06 
106.56 
-0.05 
82.16 
0.02 
0.074 
0.052 
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TABLE XVIII.—METHANE. 


5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 
Pressure, atmospheres. 
199.36 221.09 243.46 
—0.12 —0.05 0.14 
172.27 190.45 209.08 
—0.13 —0.10 0.00 
145.09 159.74 174.62 
—0.06 —0.03 0.02 
117.60 128.64 139.71 
—0.03 —0.01 0.01 
89.73 97.10 104.23 
0.11 0.19 0.17 
0.090 0.076 0.068 
0.066 0.060 0.048 
Total average deviation (atm.) 0.045 
Total average % deviation 0.049 
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TABLE XX 


SUMMARY OF THE AVERAGE DEVIATION OF THE PRESSURES CALCULATED 
BY THE EQUATION OF STATE FROM THE OBSERVED PRESSURES 
See Tables [IX to XIX 


Maximum Maximum Temperature Number of Total Average Deviation 


Gas Pressure Density range Points 
(Atmospheres) (Moles/liter) (Degrees C.) Atmospheres % 
He 102 10 400 to —252~=—s-183 0.071 0.133 
Ne 106 8.5 400 to —217 + =229 0.081 0.209 
A 114 6 400 to —150 209 0.078 0.203 
He 103 10 200 to —244 362 0.068 0.203 
N.* 134 2.9 400 to —149 214 0.072 0.190 
O2 103 9 100 to —117 137 0.051 0.115 
Air 177 8 200 to —145 171 0.113 0.198 
CO, 111 9.5 100 to 0 148 0.128 0.203 
CH‘ 243 6 200 to 0 60 0.045 0.049 
(C2H5)20 90 2.7 325 to 150 64 0.023 0.076 
Grand Average 0.077 0.178 





* The comparisons of the data of Smith and‘Taylor with the special equation based 
on their measurements alone are not included. Todoso would reduce the deviations 
given in this table. 
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12. BIBLIOGRAPHY OF THE COMPRESSIBILITY DATA ON TEN GASES 


SOURCES OF THE PRESSURE-VOLUME-TEMPERATURE DaTA CONSIDERED IN 
THE COMPUTATION OF TABLES X To XIX. 


Author 


Ramsay and Travers 


K. Onnes 


K. Onnes 


Martinez and K, Onnes 


Penning and K. Onnes 


Boks and K. Onnes 


K. Onnes and Boks 


van Agt and K. Onnes 


Reference 


Helium 


Zeit. fiir Phys. Chem., 38, 641 
(1901); Phil. Trans., 197(A), 
47 (1901). 

Leiden Comm., 102a; Verslag 
Akad. Amsterdam, Dec. 1907, 
p. 495. 


Leiden Comm., 102c; Verslag 
Akad. Amsterdam, March, 
1908, p. 741. 

Leiden Comm., 164; Archives 
Néerlandaises, III A, 6, 253 
(1923). 

Leiden Comm., 165 c, 166; 
Archives Néerlandaises, ITI A, 
7, 166, 172 (1923). 


Leiden Comm., 170 a; Fourth 
Int. Cong. Refrig., London, 
June, 1924. 


Leiden Comm., 170 b; Fourth 
Int. Cong. Refrig., London, 
June 1924. 


Leiden Comm., 176b; Verslag 
Akad. Amsterdam, June 1925, 
p. 625. 


Isotherms 
measured. 
(Degrees C) (Atmospheres) 


237. 
11. 


100. 
20 
0 
—103. 
—182. 
—216. 
—252. 


—258.8 


—252. 


—205 
—212. 
—217. 
—252. 
—258. 
20 


—37. 
—70. 
—103. 
—142. 
—183. 
—201. 
—225. 
—235. 
—249. 
—252. 
—256. 
—258. 
—268. 
—269. 
—269. 
—270. 
69. 
20. 
20. 
20. 
16. 


35 


ON Gs] Ur 
wmwN OQ os 


Pressure 
Range. 


54-102 
28-101 


43-67 
28-54 
27-50 
21-33 
14-18 
10-11 
54-66 
40-53 


0.1-0.8 


44-50 
40—45 
36-41 
12-14 
9-10 
27-63 
27-59 
24-47 
23-56 
21-50 
21-53 
21-37 
20—30 
43-55 
37-55 
25-33 
23-28 
19-22 
15-18 
<1 
<1 
<1 
<1 
<1 
=<] 
<1i1 
<l 
<1 
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Author Reference Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
Holborn and Schultze Ann. der Physik, 47. 1089 (1915). 100 20—50 
50 25-47 
0 25-50 
Holborn and Otto Zeit. fiir Physik, 10, 367 (1922). 100 20-100 
50 25-99 
O 25-98 
Holborn and Otto Zeit. fiir Physik, 30, 320 (1924). —50 23-98 
—100 19-98 
—150 25-98 
—183 20-72 
Holborn and Otto Zeit. fiir Physik, 23, 77 (1924); 400 26-98 
Wiss. Abh. Phys. Tech. Reichb., 300 75 
8 (1), 41 (1924). 200 23-99 
Holborn and Otto Zeit. fiir Physik, 33, 1 (1925); {400 to —183 0-100 
Wiss. Abh. Phys. Tech. | Smoothed values 
Reich., 9 (1), 163 (1925). 
Holborn and Otto Zeit. fiir Physik, 38, 359 (1926). —183 51-98 
—208 26-98 
—252.8 12-98 
—258 12-98 
Bridgman Proc. Nat. Acad. Sci., 9, 370 95 3900—20000 
(1923); Proc. Amer. Acad. 65 3900-20000 
Arwvs and Sci., 59, 173 (1924). 30 3900-20000 
Neon : 
Ramsay and Travers Zeit. fiir Phys. Chem., 38, 641 237.3 44-94 
(1901); Phil. Trans., 197 (A), 11.2 39-94 
47 (1901). 
K. Onnes and Leiden Comm., 147 d; Verslag 20 23-93 
Crommelin Akad. Amsterdam, June 1915, 0 22-85 
p. 392. —182.6 67-79 
—200.1 62-80 
—208 .1 58-79 
—213.1 54-80 
—217.5 50-79 
Crommelin, Martinez Leiden Comm., 154 a; Verslag 20 23-93 
and K. Onnes Akad. Amsterdam, March 0 22-85 
4 1919, p. 1316. —103.01 36-78 
—141.22 34-79 
—182.60 32-63 
—200 .08 26-80 
—208.10 24-79 
—213.08 23-80 
217.52 21-79 
Holborn and Otto Zeit. fiir Physik, 23, 77 (1924); 400 26-99 
Wiss. <Abh. Phys. “Tech. 300 26—99 
Reich., 8 (1), 41 (1924). 200 23-98 
100 24-99 
0 25-99 
Holborn and Otto Zeit. fiir Physik, 33, 1 (1925); 400 27-98 
Wiss. Abh. Phys. Tech. 300 26-99 


Reich., 9 (1), 163 (1925). 200 22-99 
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Author Reference Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
100 39-99 
0 25-99 
—50 22-99 
—100 25-99 
—150 24—98 
—182.5 20-73 
— —182.5 0-100 
Smoothed values 
Holborn and Otto Zeit. fiir Physik, 38, 359 (1926). —207.9 20-89 
Argon 
Ramsay and Travers Zeit. fiir Phys. Chem., 38, 641 237.3 43-103 
(1901); Phil. Trans., 197 (A), 11.2 30-101 
47 (1901). 
K, Onnes and Leiden Comm., 118 b; 120 a; 20.39 22-62 
Crommelin 121 b; 128; Verslag. Akad. 18.39 37-62 
Amsterdam, Oct. 1910, p. 582; 0 21-62 
Feb. 1911, p. 1177; May 1911, —57.72 18—62 
p. 68: June 1912, p. 256. —87.05 16-62 
—102.51 15-62 
—109.88 14-60 
—113.80 31-59 
—115.86 31-62 
—116.62 14-61 
—119.20 14—54 
—120.24 31-53 
—121.21 14-51 
—130.38 13-33 
—139.62 12-15 
—149.60 11-13 
Holborn and Schultze Ann. der Physiik, 47, 1089 200 24—99 
(1915). 150 21—98 
100 20-98 
50 25-98 
0 25-98 
Holborn and Otto Zeit. fiir Physik, 23, 77 (1924): 400 26-100 
Wiss. Abh. Phys. Tech. 300 26—99 
Reich., 8 (1), 41, 1924. 
Holborn and Otto Zeit. fiir Physik, 30, 320 (1924). —50 20-99 
—100 23-74 
Holborn and Otto Zeit. fiir Physik, 33, 1 (1925); eo —100 0-100 
Wiss. Abh. Phys. Tech. Smoothed values 


Reich., 9 (1), 163 (1925). 

Bridgman Proc. Nat. Acad. Sci., 9, 370 55 2600-20000 
(1923); Proc. Amer. Acad. 
Arts and Sci., 59, 173 (1924). 

Masson and Dolley Proc. Roy. Soc., London, 103A, 24.95 5-125 
524 (1923) 


Hydrogen 


Amagat Ann, Chim. Phys., (5), 19, 345 20+ 32—400 
(1880). 
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Author Reference Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
Amagat Ann. Chim. Phys., (5). 22, 353 100.1 39- 420 
(1881). 81.1 39-420 
60.4 39—420 
40.4 39—420 
17.7 39—420 
Amagat Compt. Rend.. 107, 522 (1888). 15 1000-3000 
47 1000-3000 
Amagat Ann, Chim, Phys., (6), 29, 68 200 . 25 150—900 
(1893). 99.25 150—1000 
15.5 100-1000 
0 100—1000 
47.3 1000—2900 
15.4 700-3000 
0 100-2800 
Wroblewski Monat. fiir Chem., 9, 1067 99.14 30-71 
(1888); Wien. Ber., 97 II A, 0 30-71 
1321 (1889). —103 .55 20-71 
—182.45 15-71 
Schalkwijk Leiden Comm., 70; Verslag 20 6-60 
Akad. Amsterdam, June 1901. 
K. Onnes and Leiden Comm., 78 c; Verslag 20 48-56 
Hyndman Akad. Amsterdam, March 0 45-53 
1902. 
K. Onnes and Braak Leiden Comm., 97 a; Verslag -—103.57 32-50 
Akad. Amsterdam, Dec. 1906 —135.71 29-33 
p. 517. —182.81 47-55 
—195.27 41-50 
—204.70 35-62 
—212.82 31-61 
—212.98 30-35 
—217.41 46-59 
K, Onnes and Braak Leiden Comm., 99 a; 100 a; —103.57 28-58 
Verslag Akad. Amsterdam, -—-—139.88 25—48 
June 1907, p. 162; Nov. 1907, —164.14 23-40 
p. 441. —182.81 20-32 
—195.17 19-28 
— 204.7 17-24 
—212.82 15-21 
—217.41 15-19 
K, Onnes and Braak Leiden Comm., 100 b; Verslag 100 31-50 
Akad. Amsterdam, Nov. 1907, 0 27-51 


K. Onnes and Braak 


p. 420. 
Leiden Comm., 101 b; Verslag 
Akad. Amsterdam, Nov. 1907. 


Correction to tempera- 
tures of preceding 


p. 420. articles. 

de Haas Leiden Comm.,, 127 a; Verslag 20 0.1-1.1 
Akad. Amsterdam. April 
1912, p. 1422. 

K. Onnes and de Haas’ Leiden Comm., 127 c; Versiag -—252.63 <1 
Akad. Amsterdam, May 1912, —255.46 <1 
p. 92; June 1912, p. 282, — 257 . 26 <1 





Author 


K. Onnes, Dorsman and 


Holst 


K. Onnes, Crommelin 


and Smid 


Martinez and K. Onnes 


K. Onnes and Penning 


Crommelin and 


Swallow 


van Agt and K. Onnes 


Witkowski 


Holborn 


Reference 


Leiden Comm., 146 a; Verslag 
Akad. Amsterdam, June 1915, 
p. 344. 

Leiden Comm., 146 h; Verslag 
Akad. Amsterdam, June 1915, 
p. 350. 

Leiden Comm., 164; Archives 
Néerlandaises, III A, 6, 253 
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June 1924 
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Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
20 67-90 
20 65-100 
—252 .6 <1] 
—103 .57 38-51 
—139.89 30-40 
—182.74 20-30 
—203 .96 17-22 
—212.73 15-18 
—217.32 13-17 
—225 .37 10-14 
—231.38 9-1] 
— 236.28 8-9 
—238 .29 8-9 
—239 .90 7-8 
—241 .87 6-7 
— 243.88 6-7 
—217.33 34-57 
—225 .36 28-56 
—231.40 23—49 
—236.31 18—40 
—238 .29 15-46 
— 239.92 13-51 
90 .23° K <1 
69 .86° K <1] 
20 .55° K <i] 
20 .53° K <1 
20.51° K <1i1 
20.49° K <1 
18.16° K <l1 
16.65° K <l 
15.64° K <1 
14.50° K <1 
100 5-60 
0 5-60 
—77 5-60 
—104 5-60 
—147 5-60 
—183 5-60 
—190 5-60 
—205 5-60 
—212 5-60 
20 124—2280 
15.5 136—2260 
100 20—99 
50 25-96 
25-97 
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Autbor 


Holborn and Otto 


Holborn and Otto 


Holborn and Otto 
Verschoyle 


Bartlett 


Bridgman 


Amagat 


Amagat 


Amagat 


Amagat 
Amagat 


Ramsay and Travers 


Holborn and Otto 


Holborn and Otto 





Reference 


Zeit. fiir Physik, 23, 77 (1924); 
Wiss. Abh. Phys. Tech. Reich., 
8 (1), 41 (1924). 

Zeit. fiir Physik, 33, 1 (1925) 
Wiss. Abh. Phys. Tech. 
Reich., 9 (1), 163 (1925). 


Zeit. fiir Physik, 38, 359 (1916). 

Proc. Roy. Soc. London, 111 A, 
552 (1926). 

Jour. Am. Chem. Soc., 49, 687 
(1927): ibid., 49, 1955 (1927) 

Proc. Nat. Acad. Sci., 9, 370 
(1923); Rec. trav. Chim., 42, 
568 (1923). Proc. Amer. 
Acad. Arts and Sci., 59, 173 
(1924) 


Nitrogen 


Ann, Chim, Phys., (5), 19, 345 
(1880); Compt. Rend., 88, 336 
(1879). 

Ann. Chim. Phys., (5), 22, 353 
(1881). 


Compt. Rend., 1153 
(1884). 

Compt. Rend., 107, 522 (1888). 

Ann. Chim. Phys., (6), 29, 68 


(1893). 


99, 1017, 


Zeit. fiir Phys. Chem. 38, 641 
(1901); Phil. Trans., 197 (A), 
47 (1901). 

Zeit. fiir Physik, 10, 367 (1922). 


Zeit. fiir Physik, 23, 77 (1924); 
Wiss. Abh. Phys. Tech. 
Reich., 8 (1), 41 (1924). 
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Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
ei 0-100 
Smoothed values 
200 22-100 
—50 21-98 
—100 27-99 
—150 25-99 
—183 25-75 
200 to —183 0-100 
Smoothed values 
—207 .9 20—98 
20 46-205 
0 46-205 
0 50—1000 
65 3900—17000 
30 2600-17000 
20+ 27-431 
100.1 39—420 
75.5 39—420 
50.4 39-420 
30.1 39-420 
17.7 39-420 
16 26-85 
15 750—3000 
199.50 150—950 
99.45 150—950 
16.03 100—1000 
0 100—1000 
43.6 900-3000 
16 800-3000 
0 100-3000 
237 .3 51-101 
11.2 55-104 
100 19—99 
50 25-99 
0 25-99 
400 26—99 
300 26—99 
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Holborn and Otto 


Holborn and Otto 


Smith and Taylor 


K. Onnes and van Urk 


Verschoyle 
Bartlett 


Bridgman 


Amagat 
Amagat 


Amagat 
Amagat 


K. Onnes and Hyndman 


Kuypers and K. Onnes 


BEATTIE 
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Zeit.f iir Physik., 30, 320 (1924). 


Zeit. fiir Physik, 33, 1 (1925); 
Wiss. Abh. Phys. Tech. 
Reich., 9 (1), 163 (1925). 

Jour. Am. Chem, Soc., 45, 2107 
(1923); ibid., 48, 3122 (1926). 


Leiden Comm., 169 d; 169 e; 
Fourth Int. Cong. Refrig. 
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Proc. Roy. Soc. London, 111 A, 
552 (1926). 
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Akad. Amsterdam, March 
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Leiden Comm., 165 a; Archives 
Néerlandaises, III A, 6, 227 

(1923). 


AND BRIDGEMAN. 


Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
50 50-97 
0 25-98 
0 100 
—50 20—99 
—100 25-98 
—130 21-67 
(400 to —130 0-100 
| Smoothed values 
200 61-320 
152.34 55-282 
100 48-240 
49.98 41-200 
0 34—160 
20 36-63 
0 33-59 
—23 .62 33-61 
—50.26 32-57 
—81.10 30-57 
—102.25 28-55 
—121.19 27-54 
—131.27 25-58 
—141.53 24-50 
—144.46 23-42 
— 146.32 23-36 
—148.58 28-31 
20 25-205 
0 25-205 
0 50—1000 
68 3300—20000 
100 113-418 
14.7 113-418 
20+ 32-399 
15 1000-3000 
199.5 150-950 
99.5 100-1000 
15.65 100—1000 
0 100—1000 
15.6 600-3000 
0 100—2900 
20 23-65 
15.6 36-51 
0 22-66 
20 22-61 
0 21-50 
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Holborn and Otto 


Holborn and Otto * 


Masson and Dolley 
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Amagat 


Amagat 
Amagat 


Witkowski 
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Leiden Comm., 169 a; 169 b; 
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Akad. Amsterdam, Oct. 1925, 
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Wiss. Abh. Phys. Tech. 
Reich., 9 (1), 163 (1925). 
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524 (1923). 
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Compt. Rend., 99, 1017, 1153 
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(1893). 


Phil. Mag., (5) 41, 288 (1896). 
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Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
—40 .05 . 21-61 
—80.03 21-62 
—102.46 20—-60 
—109.97 20-61 
—113.98 20—59 
—116.01 22-55 
—116.99 20—53 
20 36-62 
15.6 34-57 
0 37-54 
—40.01 6-9 
—80.00 6-8 
—102.49 5-7 
—109.99 6-7 
—113.94 5-7 
—116.01 5-6 
—116.03 4-5 
—117.01 4-6 
—118.58 4— 
—124.95 3-6 
—135.29 4—6 
—145.39 3-5 
—152.56 3-5 
100 20-100 
50 25-97 
0 25-99 
{100 to 0 0-100 
\Smoothed values 
24.95 30-125 
20+ 32-400 
16 26-85 
15 - 750-3000 
200 .4 150-1000 
99.4 100—1000 
15.7 100-1000 
0 100-1000 
45.1 800-3000 
15.7 700—3000 
0 100-3000 
100 10-120 
16 10-130 
















































Author 


Koch 


Holborn and Schultze 


Holborn and Otto 


Penning 


Andrews 


Amagat 


Amagat 


Amagat 





BEATTIE AND BRIDGEMAN, 
Reference Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
—140 15—40 
—145 15-30 
Ann. der Physik, 27, 311 (1908). 0 26-202 
—79.1 25-200 
Ann. der Physik, 47, 1089 (1915). 200 24-99 
150 21-98 
100 20-98 
50 25-97 
| 0 25-98 

Zeit. fiir Physik, 10, 367, (1922). pation 0-100 

Zeit. fiir Physik. 23, 77, (1924); | Smoothed Values 
Wiss. Abh. Phys. Tech. 

Reich., 8 (1), 41.(1924). 

Zeit. fiir Physik. 33, 1 (1925); 
Wiss. Abh. Phys. Tech. 
Reich., 9 (1), 163 (1925). 

Leiden Comm., 166; Archives 20 29-61 
Néerlandaises, III A, 7, 172 —70.09 52-59 
(1923). —84.08 48-58 

—103.48 41—48 

—122.03 34-39 

—129.97 31-36 

—134.99 29-33 

—140.00 27-31 

—145.05 25-28 
Carbon Dioxide 

Phil. Trans., 159, 575 (1869); 6.5 12-34 

ibid., 166, 421 (1876). 13.1 48—90 
21.5 47-63 
31.1 55-85 
32.5 57-85 
35.5 57-108 
48.1 63-109 
63.8 18-223 
100 17-224 

Ann. Chim. Phys. (5), 19, 345 20+ 32—400 
(1880). 

Ann. Chim. Phys., (5), 22, 353 100 39-420 
(1881) 90 . 2 39—420 

SO 39-420 
70 39-420 
60 30-420 
5O 39-420 
40.2 30-420 
35.1 39-420 
18.2 105-420 

Ann. Chim. Phys., (6), 29, 68 258 75-450 

(1893). 198 75-950 
137 50-950 
100 50-1000 
90 50-1000 


50-1000 














Author 


Keesom 


Maas and Mennie 


Amagat 


Amagat 


Keyes, Smith and 
Joubert 


Keyes and Burks 


Ramsay and Young 


Keyes and Felsing 








Reference 


Leiden Comm, 88: Verslag 
Akad. Amsterdam, Sept., p. 
391; Oct., p. 533; Nov., p. 616, 
(1903). 


Proc. Roy. Soc. London, 110 A, 


198 (1926). 


Methane 


Ann. Chim. Phys., (5), 19, 345 
(1880). 

Ann. Chim. Phys., (5), 22, 
(1881). 
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Jour. Math. and Phys., M.1.T., 
1, 191 (1922). 


Jour. Am. Chem. Soe, 49, 1403 
(1927). 


Ethyl Ether 


Zeit. fiir Phys. Chem., 7, 433 
(1887). 

Jour, Am. Chem, Soc., 

(1919). 
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[sotherms Pressure 
measured. Range, 
(Degrees C) (Atmospheres) 
70 45-1000 
60 45-1000 
50 45-1000 
40 40-1000 
35 40—90 
32 40-78 
30 37—1000 
20 35-1000 
10 33—1000 
0 31—1000 
57.75 66-136 
48.10 65-136 
41.95 65-135 
37.09 65-136 
34.02 65-137 
31.89 64-137 
30.98 63-139 
28.15 63-137 
25.55 63-138 
99.9 <I1 
50.3 <I 
19.7 <1 
0.1 <i! 
—24.9 <i 
—50.3 <1! 
—70.2 <1 
20 + 32—~100 
100.1 53-300 
79.8 53-300 
60.1 39-300 
40.6 39—300 
29.5 39-300 
14.7 39-300 
200 69-322 
150 61-275 
100 53-228 
50 45-179 
0 36-130 
200 60-254 
150 53-218 
100 46-182 
50 39-145 
0 32-108 
280 to 50 1-69 
340 to 150 S—41 
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Author Reference Isotherms Pressure 
measured. Range. 
(Degrees C) (Atmospheres) 
Beattie Jour. Am, Chem, Soc., 46, 342 325 18—206 
(1924). 300 17-175 
275 16-143 
250 15-112 
225 14-80 
200 13—48 
175 12—25 
150 11-17 
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